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ABSTRACT
Organic Photochemistry: Remote Delivery of Reactive Oxygen Intermediates via a
Heterogeneous Approach

Advisor: Prof. Alexander Greer

Photosensitized oxidation reactions produce a number of intermediates species, which are
generated in varying amounts over time. This complexity presents major challenges in the study
of

oxidation

processes.

Mechanistic

efforts

to

separate

and

deliver

reactive

oxygen intermediates enable their controlled use in processes such as bacterial inactivation. This
thesis describes a heterogeneous reaction approach taken to control the generation and delivery
of reactive oxygen intermediates. The mechanistic details of photosensitized reactions were
elucidated via synthetic, materials, and physical organic techniques to optimize the delivery of
reactive oxygen intermediates. This thesis contains six chapters as described below.
Chapter 1 gives a short background on molecular organic photochemistry, to provide a
sense of the current state of photochemistry research, as well as an outline of the thesis. Chapter
2 describes a physical-organic study on the photodecomposition of dicumyl peroxide coadsorbed with sensitizers 4,4-dimethylbenzil or chlorin e6 on dry silica. Dicumyl peroxide was
decomposed by heterogeneous photosensitization under UV and white lamp irradiation and
monitored by the desorption of products acetophenone, 2-phenylpropan-2-ol, and αmethylstyrene using 1H NMR spectroscopy and GC/MS. Dicumyl peroxide and sensitizer were
co-adsorbed on silica in 1:4 up to 200:1 ratios, a high peroxide destabilization occurring in a
ratio of about 10:1. This increased photodecomposition corresponds to sensitizer–peroxide
distances of up to 6–9 Å on silica. Furthermore, a higher photostability of dicumyl peroxide was
iv

observed on silica than in a homogeneous acetonitrile solution, where the surface attenuated the
diffusion of alkoxy radical geminate pairs apart from each other. A mechanism is proposed that
explains how the sensitizer and peroxide separation distance, and geminate recombination of
alkoxy radical pairs lead to higher and lower peroxide O–O bond homolysis efficiencies on
silica, respectively. This biphasic system can thus serve both to destabilize and stabilize a
peroxide; this may be of practical use in a surface used for the delivery of alkoxy radicals for
bacterial disinfection.
Chapter 3 describes the study of a new series of alkyl chain pterin conjugates using
photochemical and photophysical methods, as well as theoretical DFT and solubility
calculations. Reactivity patterns for the alkylation of pterin were examined both experimentally
and theoretically. The theoretical calculations were carried out using density functional theory
(DFT) methods. 2D NMR spectroscopy was used to characterize the pterin derivatives, clearly
indicating that the decyl chains were coupled to either the O4 or N3 site on the pterin. At a
temperature of 70 °C, the pterin alkylation regioselectively favored the O4 alkylation over the
N3 alkylation. The O4 alkylation was also favored when using solvents in which the reactants
had increased solubility, e.g., N,N-dimethylformamide and N,N-dimethylacetamide, rather than
solvents in which the reactants had a very low solubility, e.g., tetrahydrofuran and
dichloromethane. Two additional adducts were also obtained from an N-amine condensation of
DMF solvent molecule as byproducts. In comparison to the natural product pterin, the alkyl
chain pterins have reduced fluorescence quantum yields (ΦF) and enhanced singlet oxygen (1O2)
quantum yields (Φ∆). The DMF-condensed pterins were found to be more photostable compared
with the alkylated pterins bearing a free amine group. The alkyl chain pterins efficiently
intercalate in large unilamellar vesicles; this is a good indicator of their potential use as

v

photosensitizers in biomembranes. Our study serves as a starting point where the synthesis can
be expanded to produce a wider series of lipophilic, fluorophilic, and photooxidatively active
pterins.
Chapter 4 describes the synthesis of new chlorin e6 silica conjugates and interfacial
photooxidation studies. Porous silica and nonporous fumed silica were used as solid supports to
evaluate the effect of solid supports on 1O2 production. Chlorin e6 conjugated silica was
embedded on to superhydrophobic surfaces to generate bi- and triphasic photocatalytic systems.
Finally, photooxidation efficiencies of interfacial systems were evaluated for applications in
bacteria inactivation.
Chapter

5

describes

a

photooxidation

study

on

prenylsurfactants

[(CH3)2C=CH(CH2)nSO3 Na+ (n = 7, 9, 11)] to probe the “ene” reaction mechanism of 1O2 at an
air–water interface. Increasing the number of carbon atoms in the hydrophobic chain increased
the regioselectivity for a secondary rather than a tertiary surfactant hydroperoxide, arguing for an
orthogonal alkene on water. The prenylsurfactants and a photoreactor technique enabled a certain
degree of interfacial control of the hydroperoxidation reaction on a liquid support, where the
oxidant (airborne 1O2) is delivered as a gas.
Chapter 6 is a review of literature techniques developed so far to understand the delivery
of 1O2. This chapter strives to push the idea of 1O2 delivery further by examining two types of
delivery: First, the transport of 1O2 in the presence of physical and chemical quenchers is
described. Second, the transport of 1O2 by carrier compounds is described. Singlet oxygenation
examples include endoperoxides and hydroperoxides.
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1.1

Chapter 1: Introduction
Background
In the book “Principles of Molecular Photochemistry: An Introduction” Turro,

Ramamurthy and Scaiano defined molecular organic photochemistry as the interaction of
molecules with light resulting in physical and/or chemical change.1 Photosensitization is a
branch of organic photochemistry in which the reactions are initiated by light absorbing
molecules, referred to as photosensitizers, which transfer the absorbed light energy to the
reactants.1-3 These photosensitized oxidation reactions are omnipresent in both natural
phenomena such as photosynthesis4 and oxidation of biomolecules including lipids, proteins,
and nucleic acids as well as artificial (synthetic) systems.5,6
Usually, photosensitized reactions are classified into two types: Type I (radicals) and
Type II (singlet oxygen) photosensitization (Scheme 1.1).7 Both type I and II reactions
require oxygen as a chemical reagent. Type I reactions involve hydrogen-atom abstraction or
electron transfer between the excited sensitizer and a substrate, affording radicals or
electronically excited radical ions such as RO∙, OH∙, HO2∙, and O2∙—.7-10
Scheme 1.1. Photosensitized oxidation pathways .

Type II reactions generate photosensitized 1O2. Figure 1.1 shows Jablonski diagram with
electronic states, energy transfer, and generation of excited state 1O2.11, 12 First, the sensitizer
1

absorbs light and is excited to the singlet state. Then, the singlet-state sensitizer undergoes
intersystem crossing to the triplet state and transfers energy to the triplet ground state of
oxygen.12 This leads to the formation of 1O2. 1O2 is a highly reactive, short-lived species and
has a very short diffusion time.13 However, the lifetime of 1O2 significantly depends on the
environment. As an example, the life time of 1O2 varies from 3.3 μs in water to 73,000 μs in
CCl4.14

Figure 1.1. Jablonski diagram of 1O2 formation by photosensitization.
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1.2

Essence of the thesis
The above mentioned photosensitized oxidation reactions generate diverse reactive

oxygen species (ROS).15 ROS are reactive, unstable, and toxic, and hence damaging to
organisms16,17 and materials.18 The relative quantitation of ROS produced in photosensitized
oxidations is a critical, longstanding problem that has defied a solution for years. Thus, there
is a critical need for mechanistic strategies that can generate photosensitized intermediates in
a clean and pure manner. By achieving the above strategies, ROS can be harnessed for
applications such as water purification, bacteria disinfection, photodynamic therapy, organic
synthesis, flow chemistry, and antibiofouling.19-22
This thesis explains fundamental and applied research work performed to utilize
photosensitized reactions and their development for potential applications. Interdisciplinary
approach has been taken to devise an interfacial photosensitization methodology with
quantifiable production of specific reactive oxygen intermediates.23-26 The next chapters
describe the different photochemical systems studied in detail.
The second chapter describes mechanistically precise, phase-separated approach to
generate alkoxy radicals at the solid/gas interface. The objective of this chapter was to
prepare sensitizer–peroxide solid materials and validate their use in controlled photooxidative
reactions. This chapter will explain mechanistic details about sensitized peroxide-bond
homolysis and the fate of resulting radicals.27-29 Strategies used to achieve the optimum
sensitizer–peroxide distances for the homolysis of peroxide and design and synthesis of
heterogeneous sensitizers will also be discussed. This may provide an avenue to physically
isolate the sensitizer and peroxide molecules at surfaces to “separate” 1O2 and alkoxy
radicals.
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Figure 1.2. Graphical summary depicting photodecomposition of organic peroxide
on non-porous silica. The non-porous silica enabled molecule coating in 2D to
identify optimal loading for decomposition to reveal mechanistic insight into
peroxide photo-instability
The third chapter presents the synthesis of a new series of decyl chain [–(CH2)9CH3]
pterin conjugates and investigation of their photochemical and photophysical properties
(Figure 1.3). This chapter discusses their potential use as photosensitizers in biomembranes
because the new alkyl-chain pterins efficiently intercalate in large unilamellar vesicles. Later,
data on the expansion of synthesis towards different pterin conjugates (fluorous pterin
conjugates, amphiphilic pterins, etc.) are elaborated in this chapter. These new molecules
open a new avenue for membrane-bound photosystems and fluorous biphasic catalysis.
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Figure 1.3. Illustration of new lipophilic pterins, its photophysical and membrane binding
properties
The fourth chapter describes the photocatalytic triphasic system and delivery of 1O2
through solid/gas/water interface. Regular homogeneous photooxidation methods have been
studied for over four decades, but suffer from limitations including unwanted formation of
exiplexes and diverse reactive oxygen intermediates. Tri-phasic heterogeneous sensitizers
provide solutions to above problems. This chapter explains synthesis of new Chlorin e6
conjugated silica (PVG or amorphous silica) embedded superhydrophobic materials and its
singlet oxygen production efficiencies. This new material has potential use in bacteria
disinfection in environmental and biological samples.30-33
A minor yet exciting penultimate chapter will discuss photooxidation studies of
surfactants air/water interface. This chapter gives mechanistic details of the ‘ene” reaction of
prenyl surfactants and its potential use as 1O2 trap at air/water interface.
The final chapter reports a literature review of the techniques developed to understand
the remote delivery of 1O2. This chapter explains the idea of 1O2 delivery to specific locations
and summarizes previous efforts made by photochemists.
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In conclusion, the five chapters describe the studies on fundamental and mechanistic
strategies to utilize organic photochemistry for applied sciences. All the projects involve
Type I and/or Type II photochemistry. Chapters 2 and 3 mainly deal with Type I reactions,
while chapters 4–6 describe 1O2 reactivity, hence Type II photochemistry. The underlying
objective of all the chapters is to use a phase-separation approach for the formation of ROS in
a targeted manner. Such an approach is very useful to discover the potential of
photosensitized reactions for real-time applications.
1.3
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2

Chapter 2: Heterogeneous and Homogeneous Photocatayltic Deperoxidation with
UV and Visible Light

2.1

Introduction
The photosensitized decomposition of organic peroxides at the gas/solid interface is a

potentially useful reaction (Figure 2.1). Peroxides can be irradiated to reduce their stability—
for example, peroxides can be photosensitized1-16 to become less stable—and homolyse to
alkoxy radicals.17,18 Alkoxy radicals can be used for applications as initators of
polymerizations.19-30 In homogeneous solution, alkoxy radicals were shown11 to form by
triplet energy transfer from a sensitizer to a repulsive excited state in di-tert-butyl peroxide,
thereby homolyzing the O–O bond. Understanding photosensitization is valuable for
examining peroxide stability, and we thought the field could be expanded on through the use
of heterogeneous reactions.

Figure 2.1. Photodecomposition of dicumyl peroxide on dry silica surface in the presence of
sensitizers 4,4-dimethylbenzil 1 or chlorin e6 2. Three products (3–5) were detected upon
desorption with acetonitrile from the fumed silica surface.
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One challenge in photosensitizing peroxides is control of the distance between the
sensitizer and peroxide. The sensitizer can be dispersed in the solution,31-34 but solid media
and supramolecular systems have been shown to enable some control of photoreactions,
including stereochemical control.35-53 Silica and zeolites, have yielded important information
on proximity control of molecules in photoreactions.35 De Mayo et al. showed evidence for
translational motion on silica of an acenaphthalene monomer and dimer on the timescale of
the triplet lifetime.52,53 A 9-cyanophenanthrene had a long lifetime to enable a facially
selective dimerization reaction upon diffusion together. Oxygen quenching of triplet mesotetra(N-methyl-4-pyridyl)porphine on porous Vycor glass was reported to be primarily a
dynamic quenching process.39 Adsorbed ozone has also been reported54 for selective
hydroxylation of saturated compounds on silica.
In this chapter, we report on a biphasic gas/solid photoreactor system by adsorbing
sensitizers 4,4-dimethylbenzil (1) or chlorin e6 (2) and dicumyl peroxide to fumed silica. The
fumed silica is non-porous for dispersing compounds in 2D to enable some control of the
peroxide photosensitized dissociation. The effect of surface sensitizer and peroxide loadings
was studied by varying their ratios and analyzing the peroxide photocleavage efficiency due
to the calculated distance of available sensitizer. Our hypothesis is that peroxide
photodecomposition will be maximized based on sensitizer loading of the solid support.
Studying the mechanism of photosensitized decomposition of peroxides on dry silica
is a unique way to reveal information on alkoxy radical formation for potential applications.
Dicumyl peroxide would is fairly safe to use in low amounts based on previous reports.55-58
The present study uses physical-organic chemistry principles along with a gas/solid technique
to add insight to fields, such as phase separation of reactive intermediates,57-64 biological
peroxides, deperoxidation and safety,65-67 and interfacial disinfection techniques.68-70 We are
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unaware of any previous gas/solid interfacial photosensitization study with peroxides. The
first part of this chapter examines the heterogeneous photooxidation method discussed above.
The next part of this chapter (Section 2.2.6) describes the synthesis of various benzil
derivatives in order to expand on our work with heterogeneous sensitizers. We were
interested in benzil sensitizer because of its unique photochemical properties. It has a higher
triplet energy (~51 kcal/mol) and structural difference in the excited triplet and ground
states.71 Here, the synthesis of benzil derivatives with anchoring units will be discussed with
the goal of attaching a benzil sensitizer to a solid support.
The final part of this chapter (Section 2.2.7) discusses the formation of alkoxy
radicals from peroxides by photosensitization. This part also discusses alkoxy radical
trapping using (MeO)3P in homogeneous solutions. This work was helpful in evaluating the
stability of different peroxides as well as designing heterogeneous sensitizer-peroxide
systems.
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2.2

Results and Discussion

2.2.1 Effect of Conditions on Dicumyl Peroxide Stability
We examined the stability of dicumyl peroxide with a series of experiments. The
experiments show that in our two-phase system, dicumyl peroxide is stable (i.e., no
decomposition) in the presence or absence of 280-750 nm light when adsorbed on fumed
silica. In contrast, the photolysis of dicumyl peroxide and sensitizer 1 or 2 co-absorbed on
silica led to its decomposition. Using 1H NMR and GC/MS, the homogeneous and
heterogeneous photosensitized decomposition of dicumyl peroxide led to acetophenone (3),
2-phenylpropan-2-ol (4), and -methylstyrene (5). The ratios of products of 4,4dimethylbenzil photosensitized decomposition of dicumyl peroxide on silica or in
homogeneous acetonitrile differ. Thus, the dissociation of dicumyl peroxide to cumyloxy
radicals can lead to subsequent reactions and even volatile products. The detection of ethane
and other volatile by-products were not investigated. Products that resulted from reactions of
radicals with the sensitizers 1 and 2 themselves were not readily detectable. A mass balance
of the reaction was found to be ~70-80%. Higher total yields of 2-phenylpropan-2-ol 4 were
observed in the heterogeneous reaction as would be expected due to the surface silanols
acting as hydrogen donors. This finding is analogous to solution-phase studies72 where higher
yields of 2-phenylpropan-2-ol 4 were seen in hydrogen donor solvents, otherwise the main
product was acetophenone 3.
2.2.2 Effect of Sensitizer Loading on Peroxide Photodecomposition
The loading of sensitizer and dicumyl peroxide were investigated on silica to
evaluate their influence on the photodecomposition of dicumyl peroxide. Table 2.1 shows the
results of dicumyl peroxide photosensitized decomposition with peroxide-to-sensitizer ratios
ranging from 1:4 to 200:1. These surfaces contained 0.33 mmol dicumyl peroxide per gram
silica and the peroxide photodecomposition yield increased from 3.5% to 22% when the
11

loading was increased from 1:4 to 10:1. At 10:1, the maximum was reached (entry 3). The
percent decomposition of dicumyl peroxide decreased from 22% to 3.7% with the loading
increased from 40:1 to 200:1. For surfaces containing 0.083 mmol dicumyl peroxide per
gram silica, the photodecomposition of dicumyl peroxide reached a maximum at a 1:1 ratio
(entry 8). This higher decomposition yield is similar for surfaces containing 0.33 mmol
dicumyl peroxide per gram silica, where the decomposition of dicumyl peroxide was
increased at a 10:1 ratio compared to a 100:1 ratio (entries 11 and 12). The high absorption
coefficient led to opaque silica and prevented us from a wider study of high loading ratios of
2. Enhanced peroxide decomposition has been found for 1 in about 10:1 ratios in Table 2.1,
which led us to calculate the average distances separating peroxide and sensitizer that is also
of interest.
2.2.3 Spatial Control in the Sensitized Peroxide Photodecomposition
Table 2.1 shows the calculated the average distances separating peroxide and
sensitizer. Here, we thought it appropriate to calculate the nearest edge rather than the
geometric center of the sensitizer to compute distances to the O–O bond, acknowledging
these compounds have internal rotors that will cause the distance and angle between them to
vary. The error in the silica surface area and the error in weighing compounds also account
for the variations. Figure 2.2 shows that the sensitized peroxide decomposition was higher
with sensitizer/peroxide distances of 6-9 Å on silica. The distance effect decreases, for less
than 6 Å or greater than 9 Å. The finding of this spatial separation of the sensitizer and
peroxide was useful for explaining the origins of the peroxide photodecomposition as is
discussed following the next section. Next, we focus on the influence of excitation
wavelength on the sensitized decomposition of the peroxide.
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Figure 2.2. Plot of percent photocleavage of dicumyl peroxide by sensitization with 4,4dimethylbenzil (blue and red lines) and chlorin e6 (green line) based on the distance between
the peroxide and sensitizer (Å). The quantity of dicumyl peroxide loaded was 0.33 mmol/g
silica (blue and green lines) or 0.083 mmol/g silica (red line). In the absence of sensitizer,
there was no photocleavage of dicumyl peroxide.
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Table 2.1. Photodecomposition of dicumyl peroxide on dry silica in the presence of adsorbed
sensitizer 4,4-dimethylbenzil 1 or chlorin e6 2. a
peroxide/

sens/

peroxide/

peroxide/
peroxide
entry

sens

surface

surface

concentration

concentration

of peroxide

of sensitizer

(µmol/m2)

(µmol/m2)

peroxide
sens

sens

sens

photodecomp.
distance

distance

distance
%b

ratio
(Å)

(Å)

(Å)

1

1c

1:4

20  1

10  0.6

~0

6.6  1.1

1.65

6.60

2

1c

1:1

20  1

20  1

2.0  0.1

11.3  2.4

1.65

1.65

3

1c

10:1

20  1

63  4

6.0  0.4

21.8  4.8

1.65

0.16

4

1c

40:1

20  1

127  7

17  1

8.2  1.5

1.65

0.04

5

1c

100:1

20  1

201  12

30  2

5.4  3.4

1.65

0.02

6

1c

200:1

20  1

284  23

45  3

3.7  1.1

1.65

0.01

7

1d

1:4

40  2

20  1

2.0  0.1

5.1  2.6

0.41

1.65

8

1d

1:1

40  2

40  2

9.0  0.5

12.8  2.1

0.41

0.41

9

1d

10:1

40  2

127  7

17  1

6.3  1.3

0.41

0.04

10

1d

40:1

40  2

257  12

39  2

1.1  3.1

0.41

0.01

11

2e

10:1

20  1

63  4

4.0  0.2

9.9  1

1.65

0.16

12

2e

100:1

20  1

201  12

23  1

4.9  1.4

1.65

0.02

a

Average of 3 experiments. Biphenyl was added after the photolysis as the internal standard.
In the absence of sensitizer, less than 1% photocleavage of the peroxide was observed.
c
Sensitizer was 4,4-dimethylbenzil; the quantity of dicumyl peroxide was 0.33 mmol/g
silica.
d
Sensitizer was 4,4-dimethylbenzil; the quantity of dicumyl peroxide was 0.083 mmol/g
silica.
e
Sensitizer was chlorin e6; the quantity of dicumyl peroxide was 0.33 mmol/g silica.
b
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2.2.4 Effect of Excitation Wavelength on Peroxide Decomposition
To examine the effect of excitation wavelength on peroxide decomposition,
experiments were conducted in the presence and absence of sensitizer. In this way, the
relative effectiveness of light source and sensitizer could be evaluated. In the absence of
sensitizer, Table 2.2 shows that peroxide decomposition was more effective with the 254-nm
light source (entry 1) as compared to the other light sources showing less than 1% peroxide
decomposition. In the presence of sensitizer, peroxide decomposition was readily observed
when the absorption band of sensitizer overlapped with the light source emission. For
example, 4,4-dimethylbenzil 1 absorption ranges from 250-320 nm, which explains the low
peroxide decomposition with the 350-nm light source. Similarly, chlorin e6 2 absorption of
the 320-430-nm Soret band (S0-S2) and the 660-nm Q-bands (S0-S1) with the 280-750-nm,
350-nm, and 669-nm light sources led to higher decomposition of the peroxide (entries 2-4,
and 6). Little or no decomposition of the peroxide was observed with 460-nm light source, a
region where chlorin e6 2 absorbs poorly (entry 5). Next, we focus on mechanistic
considerations in enhancing the peroxide bond destabilization.
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Table 2.2. Wavelength dependence in the photodecomposition of dicumyl peroxide on dry
silica in the presence or absence of adsorbed sensitizer
entry

wavelength
(nm)

sensitizer

peroxide
photodecomposition
(%) a

1

254

-

32  3 b

2

280-750

1

22  5 c,d

3

350 ± 20

1

1.8  0.2 c,d

4

350 ± 20

2

4.1 ± 0.5 c,d

5

460 ± 30

2

< 1 c,d

6

669

2

7.5  0.8 c,d

a

Average of 3 experiments, samples were irradiated for 1 h (fluence rates were not
determined). Biphenyl was added after the photolysis as the internal standard. b The quantity
of dicumyl peroxide was 0.33 mmol/g silica. There was no sensitizer, the photocleavage of
the peroxide is the result of direct irradiation. c Sensitizer was 4,4-dimethylbenzil 1 or
chlorin e6; the quantity of dicumyl peroxide was 0.33 mmol/g silica.d In the absence of
sensitizer, less than 1% photocleavage of the peroxide was observed.

2.2.5 Mechanistic Considerations
The biphasic (gas/solid) photoreactor is useful for probing the mechanism of
sensitized peroxide photodegradation as it enables the spatial separation of the compounds,
among other control features. Figure 2.4 shows a mechanism that is consistent with the data
collected.
For the product distribution reaching 3–5, this is consistent with dicumyl peroxide O–
O bond homolysis and subsequent H atom transfer and methyl radical loss reactions. When
the surface separation distance between the sensitizer and the peroxide is 6-9 Å, the
decomposition is favored. This photodecomposition is attributed to a Dexter mechanism
between the peroxide and the excited sensitizer. On the silica surface, single-digit angstrom
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translational migration of the triplet sensitizer and dicumyl peroxide could account for the
maxima at 6-9 Å observed in Figure 2.2, where triplet energy transfer occurs to the peroxide
repulsive O–O orbital. The non-porous silica enables the coating of the sensitizer and
peroxide molecules in 2D. Assuming no fumed silica defects, the compounds migrate up to
~9 Å beyond their van der Waals radii. De Mayo et al.51,52 have shown mobilities of ~5 Å of
adsorbed photoexcited compounds in their silica surface photochemical studies. Although
direct van der Waals contact is not a requirement of triplet-triplet energy transfer as has been
noted in glasses72 and supramolecular systems.73-76
When the excitation wavelength overlaps the sensitizer, the peroxide decomposition is
increased. The sensitization process at the gas/solid interface accounts for the peroxide
decomposition. Here, silica-adsorbed dicumyl peroxide free of sensitizer decomposes with
254-nm light, but not with other light sources above 280 nm, since dicumyl peroxide only
weakly absorbs above 270 nm. By maintaining an anaerobic condition, the significance of the
biphasic sensitized peroxide decomposition is evident. However, it may be noted that silica
bound sensitizers can also produce 1O2 under aerobic conditions.77,78 Our photoreactor was
presently examined only under anaerobic conditions, where a dual action, 1O2 production and
peroxidation decomposition has not yet been tested.
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Si
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RO

Sens
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Figure 2.3. Proposed mechanism for the sensitized photodecomposition of dicumyl peroxide
at the gas/solid interface, and formation of products.
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In summary, by studying the separation of compounds on the surface and the
excitation wavelength, a heterogeneous photosensitization provides valuable insight to
peroxide instability. The peroxide photodecomposition yield is a function of sensitizer and
peroxide loading on silica (Table 2.1). The presence of the sensitizer and a close distance
relative to the peroxide on the silica surface has mechanistic significance. This heterogeneous
photodecomposition of dicumyl peroxide is a sensitized process, as it does not readily occur
by direct irradiation of the peroxide above 280 nm in the absence of sensitizer (Table 2.2).
Next, section describes the synthesis of different benzil derivatives with anchoring groups to
graft with the solid support.
2.2.6 Synthesis of Benzil Derivatives
Because successful results were obtained in a biphasic (solid/gas) system, we wanted
to introduce anchoring groups to benzil which is then attached to a solid support to prepare
heterogeneous sensitizers.77,78 We were interested in solid supports such as silica and Zinc
Oxide (ZnO) nanoparticles.79 Therefore, we introduced a carboxylic group or an alcohol
group to attach benzil to ZnO and silica, respectively.
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Scheme 2.1. Synthesis of benzil derivatives

We devised a two-step synthetic scheme to introduce necessary substituents to benzil.
A methyl group was needed in one end of the benzil, while an anchoring group was needed at
the other end. Thus, Sonogashira coupling reaction conditions (Et3N, PdCl2(PPh3)2, and CuI
in anhydrous THF) were used to couple the two species.80 Then, Wacker oxidation conditions
(PdBr2 and CuBr2 in 1,4-dioxane) developed by Yan et al were used to convert the alkyne
compound to the corresponding dicarbonyl compound (benzil).81 The above mentioned
Wacker oxidation conditions are tolerated by many functional groups, thus allowing the
conversion of alkyne group to carbonyl group without affecting the alcohol group.

19

Scheme 2.1 shows the synthesis of compound 8 containing one carboxylic group that
can be used for anchoring to a zinc oxide surface using the abovementioned method followed
by de-esterification with a base. We obtained an overall yield of 30% for compound 8. Next,
we synthesized compound 10 using the same general procedure as discussed above; then, it
was again cross-coupled with dimethyl 5-ethynylisophthalate linker to obtain compound 11
containing two ester groups that were converted to carboxylic acid groups (compound 12).79
We found that alkynes with electron-withdrawing groups such as carboxylic groups lead to a
lower yield in cross-coupling reactions. This can be attributed to the reduction of
nucleophilicity of the alkyne group by electron-withdrawing groups. Additionally, we
observed different UV–visible spectra for compounds 11 and 12 compared to 4,4-dimethyl
benzil. The UVmax peak of compounds 11 and 12 were red-shifted to 320 nm from 279 nm;
this can be attributed to the extended -conjugation in compounds 11 and 12 compared to
4,4-dimethyl benzil. Compound 12 can be grafted to zinc oxide by stirring in MeOH just
before the photooxidation studies.
Next, we synthesized benzil derivative 14 and its precursor 13 containing an alcohol
group; compound 14 could be attached to a silica surface. We obtained the highest yield
(90% overall yield) for this series of compounds (13 and 14). Moreover, an alcohol group
acts as an anchoring group for attachment to a silica surface. Our group member Sarah Belh
studied the properties of this compound by attaching to a silica surface. These benzil
derivatives are useful for future heterogeneous photooxidation studies.

20

1.2

absorbance/a.u

1
0.8
0.6
0.4
0.2
0
230

280
330
wavelength/nm

380

Figure 2.4. UV-Visible spectra of compounds(–) 2 and, (–) 11.
2.2.7 Homogeneous Photooxidation Studies of Peroxides
In this section, peroxide O–O bond homolysis was tested in a homogenous solution
phase to determine peroxide stability in homogeneous system under light and dark
conditions. Three peroxides were selected depending on their bond dissociation energies: ditert-butyl peroxide (38 kcal/mol), dicumyl peroxide (34 kcal/mol), and benzoyl peroxide (30
kcal/mol). 4,4′-dimethylbenzil (3T~51 kcal/mol) was used as the sensitizer. Photolysis was
carried out at room temperature by irradiation using two metal-halide light sources (500 W).
Alkoxy radicals are formed after the O–O bond homolysis. They have low extinction
coefficients, making direct spectroscopic analysis challenging; however, several trapping
methods exist.82 Here, trimethylphosphite (MeO)3P (0.1 M) was used as the alkoxy radical
trap that selectively reacts with the alkoxy radicals (Scheme 2.1).83 During the trapping, an
oxygen atom is transferred from alkoxy radical to (MeO)3P, forming (MeO)3P=O as shown in
Scheme 2.2. Hence, the amount of alkoxy radicals generated was quantitatively determined
by 1H and

31

P NMR spectroscopic analysis by monitoring the appearance of (MeO)3P=O
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peak at 3.74 ppm in the 1H NMR spectrum and (MeO)3P peak at 2.25 ppm in the 31P NMR
spectrum.
Scheme 2.2. Reactions of trimethylphosphite with alkoxy radicals

Table 2.3 shows the percentage of peroxy bond homolysis under different conditions
in terms of alkoxy radical formation. Entries 1, 5 and 9 show the control reactions when
peroxides and (MeO)3P were kept in the dark to determine whether there is any conversion of
(MeO)3P to (MeO)3P=O. Dicumyl peroxide and di-tert-butyl peroxide do not show any
reaction with (MeO)3P in the dark. On the other hand, benzoyl peroxide showed 26%
conversion within 1 h with the trap under the above mentioned conditions. Therefore, (MeO)3P

is not a suitable trap for benzoyl peroxide. However, di-tert-butylperoxide and

dicumylperoxide are quite stable and do not react with (MeO)3P. Therefore further testing
were carried out on di-tert-butylperoxide and dicumylperoxide.
Entries 2 and 6 show the direct O–O bond homolysis of peroxides in the absence of a
sensitizer. For this experiment, the entire spectrum of the wavelength of light source (λ 280750 nm) was used. A considerable amount of dissociation of peroxides was observed under
UV light for dicumyl peroxide and di-tert-butyl peroxide, 14% and 8%, respectively.
However, dibenzoyl peroxide showed 90% conversion under UV light.
Finally, the effect of 4,4′-dimethylbenzil on peroxide O–O bond homolysis was
evaluated by irradiating through a cutoff filter solution (λ<300 nm). Entries 4 and 8 show that
dicumyl peroxide and di-tert-butyl peroxide underwent a photosensitized homolysis of 20%
and 11%, respectively. The results of control reaction revealed a negligible amount of alkoxy
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radical formation (<2%) with di-tert-butyl peroxide and dicumylperoxide in the absence of a
sensitizer under λ >300 nm. This is a clear evidence for photosensitized O–O bond homolysis
in dicumyl peroxide and di-tert-butyl peroxide. Because dicumyl peroxide showed better
homolysis, dicumyl peroxide was evaluated further as discussed next.
Table 2.3. Homolysis of peroxides in the presence and absence of a sensitizer.
entries

peroxide

sensitizer

wavelength (nm)

% O–O bond
dissociation a

1

di-tert-butyl
peroxide

-

dark

0

2

di-tert-butyl
peroxide

-

280-750

8±1

3

di-tert-butyl
peroxide

300-750b

<1

4

di-tert-butyl
peroxide

1

300-750b

11±2

5

dicumyl
peroxide

-

dark

0

6

dicumyl
peroxide

-

280-750

14±2

7

dicumyl
peroxide

-

300-750b

<2
<2

8

dicumyl
peroxide

1

300-750b

20±3

9

benzoyl
peroxide

-

dark

26
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Table 2.4. Homolysis of dicumyl peroxide in different sensitizer:peroxide ratios.
dicumyl
peroxide (mM)

4,4-dimethylbenzil
(mM)

dicumyl
peroxide:sens

photosensitized
dissociation a,b
(%)

100

100

1:1

42±5

100

10

10:1

20±3

100

2.5

40:1

5±1

a

Yields were determined from 1H and 31P NMR spectra. b0.5 w/v% potassium hydrogen
phthalate in water (λ <300 nm) was used as the filter solution.
An additional experiment was conducted with dicumyl peroxide and benzil by
changing the ratios. The following ratios were used for this study. Initially, 1:10 benzil to
dicumyl peroxide was used, and the study was extended by using 1:1 ratio and 1:40 as shown
in Table 2.4. A clear enhancement of phosphate formation was observed with increasing
amount of sensitizer. The formation of phosphate was very low when the amount of benzil
was decreased to 2.5 mM. Experiments with varying sensitizer and peroxide ratios are
necessary, because it is critical to understand the factors underlying the energy transfer and
distance dependence under anaerobic conditions. Therefore, this information is important to
make predictions regarding heterogeneous systems. These homogeneous experiments aided
in designing heterogeneous system as discussed in sections 2.2.1-2.2.5.
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2.3

Conclusion
A physical-organic study is described on the photosensitized decomposition of an

organic peroxide. Here, mechanistic results were collected with a biphasic (gas/solid) system.
This biphasic system enabled a facile decomposition route in the presence of a sensitizer. By
varying the loading of sensitizer and the excitation wavelength, the system can be tuned to
destabilize the peroxide. Our observations are consistent with a short migration of reagents on
the surface and a long lifetime assumed to be triplet of the sensitizer. An excited singlet
sensitizer would be too short-lived to enable energy transfer to the O–O bond.
Next, new benzil derivatives were synthesized in order to make different heterogeneous
systems respecyively. We obtained two benzil derivatives 8 and 12 that can act as monopod
and a dipods on Zinc Oxide surfaces respectively. Furthermore, another benzil
derivative 14 was synthesized to be anchored to a silica surface.
Our homogeneous peroxide homolysis experiments have shown that dibenzoyl
peroxide is the least stable and reacts with P(OMe)3 even in dark conditions. We found that
dicumyl peroxide and di-tert-butyl peroxide were stable under irradiation (λ>300 nm) and
only cleaved in the presence of a photosensitizer. However, dicumyl peroxide was the better
candidate for further studies, since it shows greater photosensitized homolysis as compared
to di-tert-butyl peroxide.
Future research efforts could focus on (i) a solid that synthetically anchors the
sensitizer to restrict mobility, (ii) the detection of alkoxy radicals by EPR 76,84 or deducing
their surface persistence with mixed ROOR and R18O18OR peroxides for possible scrambled
products RO18OR by mass spectrometry, and (iii) alkoxy radicals to transit off of the surface
into biological samples. There may be an advantage in the controlled release of alkoxy
radicals and singlet oxygen in tandem or separate quantities in disinfection reactions.
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2.4

Experimental

2.4.1 Reagents and Instrumentation
Hydrophilic fumed silica (Sigma S5505 particles, sized: 200-300 nm; surface area:
200 ± 25 m2/g and ~4 silanol groups/nm2), dicumyl peroxide (98%), 4,4-dimethylbenzil
(97%), chlorin e6, biphenyl, acetonitrile, acetonitrile-d3, dichloromethane and methanol were
purchased from commercial suppliers. 1H NMR data were collected at 400 MHz. A GC/MS
instrument was used to collect chromatography and mass spectrometry data. Absorption and
fluorescence spectra were also collected.
2.4.2 Silica Preparation
No special precautions to remove physisorbed water.85 Dicumyl peroxide and either
4,4-dimethylbenzil 1 or chlorin e6 2 were co-adsorbed onto fumed silica particles by
immersing the native silica particles in dichloromethane containing the dissolved reagents
and with stirring for 1 h. The dichloromethane was evaporated with a nitrogen gas stream
leading to disordered compound adsorption on the silica. Compound adsorption was due to
electrostatic and dispersion interactions, as well as H-bonding of compounds to silanol
groups or to physisorbed water on the silica surface. Silica-bound chlorin derivatives were
reported in our previous papers,77,78 which were examined by infrared and absorption
spectroscopy showing a thin coat of the sensitizer on the glass. For the present fumed silica
sensitizers 1 and 2, we have sparingly little information on coverage of dyes and
homogeneity of adsorbed compounds. For example, we cannot rule out the existence of
chlorin e6 dimers on the silica surface. For peroxide loading (0.33 mmol/g silica), silica (300
mg) was coated with 0.4 mmol, 0.1 mmol, 0.01 mmol, 0.0025 mmol, 0.001 mmol and 0.0005
mmol of sensitizer 1 or 2 (accurate to ±2%) and 0.1 mmol of dicumyl peroxide per gram
silica. For peroxide loading (0.083 mmol/g silica), silica (300 mg) was coated with 0.1 mmol,
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0.025 mmol, 0.0025 mmol and 6.25×10-4 mmol of sensitizer 1 or 2 (accurate to ±2%) and
0.025 mmol of dicumyl peroxide per gram silica.
2.4.3 Surface Coverage Calculations
The distances between adsorbed sensitizer and peroxide molecules on fumed silica
were calculated (eqs 1-11). Error bounds of 12% are estimated from these calculations of
molecule-to-molecule distances. Eqn 1 gives the number of molecules adsorbed per gram of
silica, where Avogadro’s number 6.0221367×10-23 mol-1 is represented by NA. Eqn 2 shows
an area of four adsorbed molecules at a given loading amount in mmol/g silica. Eqn 3 gives
the calculation for sensitizer-to-sensitizer and peroxide-to-peroxide sites. Sens-peroxide
distances were estimated by eq. 4-11.
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2.4.4 Biphasic System and Photoreactor
The setup was a 20-cm3 vessel containing 100-mg silica particles adsorbed with
dicumyl peroxide and sensitizer 1 or 2 that form a two-phase system that was N2-degassed
(Figure 2.5). Samples were irradiated with a UV lamp (λ = 254 nm), two 400-W metal halide
lamps ( = 280-750 nm), a Rayonet lamp (λ = 350 ± 20 nm), a blue CW laser (λ = 460 ± 30
nm), or a red CW diode laser (λ = 669 nm). The vial was rotated around a metal bar so the
silica particles tumbled during the irradiation for 1 h (different rates of tumbling were not
investigated in the present work). Experiments were conducted at 26 °C (room temperature).
A temperature increases of the silica particles were not observed over the course of the
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experiment. We did not find evidence for intergranule transfer of sensitizer molecules under
the tumbling conditions. The absorption spectra of sensitizers 1 and 2, but not dicumyl
peroxide, overlapped with the output of the light from metal halide lamps. At the location
where the sample was placed, the fluence rate for the 280-750 nm light source was measured
using a custom dosimetry system and found to be 22 ± 2 mW/cm2 as was previously
measured with a power meter.78 After the irradiation, the sensitizer 1 or 2, dicumyl peroxide
and products were desorbed with a polar solvent. Acetonitrile was typically used for
desorption and was filtered with a 25 mm syringe through a 0.25 µm propylene membrane)
and analyzed by 1H NMR and GC/MS. For the latter, biphenyl was added as an internal
standard. The surface was not recharged with peroxide after the photolysis. We would
generate new silica samples for each measurement. We report the results that are the average
of three experiments for each measurement. The biphasic reactor using the 280-750 nm light
source and fumed silica adsorbed to sensitizers 4,4-dimethylbenzil 1 or chlorin e6 2 for
photodecomposition of dicumyl peroxide is described next.

Figure 2.5. Illustration of the photoreactor with silica particles tumbling inside the vial
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2.4.5 Homogeneous Photolysis Reactions of Peroxides
Acetonitrile-d3 was degassed (3 freeze thaw cycles) and saturated with Argon before
sample preparation. Two different types of reactions were carried out as follows. (i) A typical
experiment contain peroxide (100 mM), 4,4′-dimethylbenzil(10mM) and (MeO)3P (100mM)
in 600 μL of Ar-saturated CD3CN in a NMR tube at °25 C.(ii) Similar procedure as above
was carried out with dicumyl peroxide (100mM) and varying the amount of 4,4′dimethylbenzil from 2.5mM to 100mM. Peroxide samples were irradiated with or without a
cutoff filter for 1 h and monitored by 1H NMR and 31P NMR. (MeO)3P 1H NMR (400 MHz,
Acetonitrile-d3) δ 3.50 (d, J = 2 Hz, 9H) ppm. 31P NMR (161.9 MHz, Acetonitrile-d3) 140.8
ppm. (MeO)3P=O 1H NMR (400 MHz, Acetonitrile-d3) δ 3.74 (d, J = 2 Hz, 9H) ppm.
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P

NMR (161.9 MHz, Acetonitrile-d3) 2.25 ppm.
2.4.6 Synthesis of Benzil derivatives 9, 12 and 14
General procedure for synthesis of alkynes 6, 9, and 13. To a carefully degassed
solution of 4-iodotoluene or (1 equiv), PPh3 (0.02 equiv), and PdCl2(PPh3)2 (0.01 equiv) in 8
mL of anhydrous THF and 3 mL of anhydrous triethylamine was added CuI (0.02 equiv). The
mixture was degassed for 5 min, and a solution of 4-methylphenylacetylene (1.3 equiv) in 2
mL of anhydrous THF was added dropwise. The reaction was stirred overnight at 50 °C
under nitrogen atmosphere. The mixture was added to 10 mL of ice water and extracted with
ethyl acetate (3 × 10 mL) and then dried over MgSO4. The solvent was removed under
reduced pressure to afford the pure product.
General procedure for synthesis of benzil 7, 10, and 14. Alkyne (6, 9, or 13) 1 (1
equiv), PdBr2 (0.05 equiv), and CuBr2 (0.1 equiv) were added to an oven-dried Schlenk tube
under air. The septum-sealed tube was evacuated and refilled with O2 thrice. 1,4-Dioxane
(8.0 mL) and H2O (1.6 mL) were added via syringe. The reaction mixture was heated in an
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oil bath at 60 C for 24 h. After the reaction was completed, the dark yellow product was
obtained by silica gel chromatography by eluting with a mixture of hexane/ethyl acetate.
General procedure for synthesis of 8 and 12.The benzil ester (7 or 11) was
dissolved in 4 ml of a 1:1 MeOH:THF mixture and 2 N aq. NaOH (5 mL) was then added in
one portion. The solution was refluxed for 3 hours. After cooling, the organic phase was
solvent was removed under in vacuo and any unreacted ester was extracted with chloroform.
The acid was precipitated by the slow addition of 2 N aq. HCl to the aqueous phase.
Methyl 4-(p-tolylethynyl)benzoate (6). Yield: 80%; 1H NMR (400 MHz, CDCl3) δ
8.01 (d, J = 8 Hz, 2H), 7.58 (d, J = 8 Hz, 2H), 7.44 (d, J = 8 Hz, 2H), 7.17 (d, J = 8 Hz, 2H),
3.93 (s, 3H), 2.38 (s, 3H).
Methyl 4-(2-oxo-2-(p-tolyl)acetyl)benzoate (7). Yield: 65%; 1H NMR (400 MHz,
CDCl3) δ 8.15 (d, J = 8 Hz, 2H), 8.03 (d, J = 8 Hz, 2H), 7.87 (d, J = 8 Hz, 2H), 7.32 (d, J = 8
Hz, 2H), 3.95 (s, 3H), 2.45 (s, 3H),
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C NMR (CDCl3, 100 MHz): δ 193.9, 193.5, 166.0,

146.6, 136.2, 135.2, 130.3, 130.1 129.9, 129.8, 52.6, 22.0.
4-(2-Oxo-2-(p-tolyl)acetyl)benzoic acid (8). Yield: 54%; 1H NMR (400 MHz,
DMSO-d6) δ 13.55 (br, 1H), 8.18 (d, J = 8 Hz, 2H), 8.06 (d, J = 8 Hz, 2H), 7.89 (d, J = 8 Hz,
2H), 7.49 (d, J = 8 Hz, 2H), 2.47 (s, 3H),
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C NMR (DMSO-d6, 100 MHz): δ 194.4, 193.8,

166.3, 146.8, 136.3, 135.2, 130.2, 130.1, 129.9, 129.80, 129.6, 21.5.
1-Bromo-4-(p-tolylethynyl)benzene (9). Yield: 95%; 1H NMR (400 MHz, CDCl3) δ
7.35–7.48 (m, 6H), 7.15 (d, J = 8 Hz, 2H), 2.37 (s, 3H) ppm. (This compound is a known
compound.)87
1-(4-Bromophenyl)-2-(p-tolyl)ethane-1,2-dione (10). Yield: 70%; 1H NMR (400
MHz, CDCl3) δ 7.82–7.86 (m, 4H), 7.65 (d, J = 8 Hz, 2H), 7.31 (d, J = 8 Hz, 2H), 2.44 (s,
3H), 13C NMR (CDCl3, 100 MHz): δ 193.6, 193.5, 146.5, 132.4, 131.8, 131.2, 130.38, 130.1,
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129.98, 130.4, 22.0. (This compound has been previously synthesized by a different method
using SeO2)88
Dimethyl 5-((4-(2-oxo-2-(p-tolyl)acetyl)phenyl)ethynyl)isophthalate (11). To a
carefully degassed solution of compound 10 (30 mg, 0.1 mmol), PdCl2(PPh3)2 (0.012 mmol),
CuI (0.024 mmol) in 5mL of anhydrous THF and 3 mL of anhydrous triethylamine was
added. The mixture was degassed for 5 min, and a solution of dimethyl 5-ethynylisophthalate
(0.13 mmol, 1.3 equiv) in 2 mL of anhydrous THF was added dropwise. The reaction was
stirred 48 h at 90 °C under nitrogen atmosphere. The mixture was added to 10 mL of cold
brine and extracted with ethyl acetate (3 × 10 mL) and then dried over MgSO4. The solvent
was removed under reduced pressure to furnish the crude product as a brown solid. The
compound was purified by column chromatography by eluting with a mixture of 5–8% ethyl
acetate in hexane. Yield: 20%; 1H NMR (400 MHz, CDCl3) δ 8.66 (t, J = 1.6 Hz, 1H), 8.39
(d, J = 1.6 Hz, 2H), 2H), 7.98 (d, J = 8 Hz, 2H), 7.88 (d, J = 8 Hz, 2H), 7.66 (d, J = 8 Hz, 2H),
7.31 (d, J = 8 Hz, 2H), 3.97 (s, 3H), 2.45 (s, 3H). 13C NMR (CDCl3, 100 MHz): δ 194.2,
194.0, 165.8, 146.8, 137.0, 133.0, 132.5, 131.5, 131.1, 130.8, 130.4, 130.21, 130.1, 129.4,
91.9, 90.4, 53.0, 22.3.
4-(p-Tolylethynyl)phenyl)methanol (13). Yield: 99%; 1H NMR (400 MHz, DMSOd6) δ 7.54 (d, J = 8 Hz, 2H), 7.45 (d, J = 8 Hz, 2H), 7.37 (d, J = 8 Hz, 2H), 7.18 (d, J = 8 Hz,
2H), 4.74 (d, J = 8 Hz, 2H), 2.47 (s, 3H),

13

C NMR (DMSO-d6, 100 MHz): δ 194.4, 193.8,

166.3, 146.8, 136.3, 135.2, 130.2, 130.1, 129.9, 129.80, 129.6, 21.5.
1-(4-(Hydroxymethyl)phenyl)-2-(p-tolyl)ethane-1,2-dione (14). Yield: 95%;

1

H

NMR (400 MHz, DMSO-d6) δ 13.55 (br, 1H), 8.18 (d, J = 8 Hz, 2H), 8.06 (d, J = 8 Hz, 2H),
7.89 (d, J = 8 Hz, 2H), 7.49 (d, J = 8 Hz, 2H), 2.47 (s, 3H), 13C NMR (DMSO-d6, 100 MHz):
δ 194.4, 194.3, 148.2, 146.3, 133.3, 130.2, 129.8, 126.8, 64.5, 22.0.
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Figure 2.6. Spectral traces of the absorption (blue line) and emission (red line) of (a) 4,4dimethylbenzil in methanol (ex = 270 nm), and (b) chlorin e6 in methanol (ex = 400 nm).
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Figure 2.7. UV-Visible spectrum of chlorin e6 in methanol.
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Figure 2.8. UV-Visible spectrum of dicumyl peroxide in acetonitrile.
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295

Figure 2.9. (a) Chromatogram of dicumyl peroxide (tR = 14.1 min). (b) Plot of peak area at
14.1 min vs concentration of dicumyl peroxide.
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Figure 2.10. 31P NMR of reaction mixture. (a) after 1h irradiation. (b) before the irradiation.

Figure 2.11. 1H NMR of reaction mixture. (a) after 1h irradiation. (b) before the irradiation.
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Figure 2.12. 1H NMR spectrum of methyl 4-(p-tolylethynyl)benzoate (6) in CDCl3.

Figure 2.13. 1H NMR spectrum of methyl 4-(2-oxo-2-(p-tolyl)acetyl)benzoate (7).
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Figure 2.14. 13C NMR spectrum of methyl 4-(2-oxo-2-(p-tolyl)acetyl)benzoate (7)
in CDCl3.

Figure 2.15. 1H NMR spectrum of 4-(2-oxo-2-(p-tolyl)acetyl)benzoic acid (8)
in DMSO-d6.
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Figure 2.16. 13C NMR spectrum of 4-(2-oxo-2-(p-tolyl)acetyl)benzoic acid (8)
in DMSO-d6.

Figure 2.17. 1H NMR spectrum of 1-bromo-4-(p-tolylethynyl)benzene (9) in CDCl3.
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Figure 2.18. 1H NMR spectrum of 1-(4-bromophenyl)-2-(p-tolyl)ethane-1,2-dione (10)
in CDCl3.

Figure 2.19. 13C NMR spectrum of 1-(4-bromophenyl)-2-(p-tolyl)ethane-1,2-dione (10)
in CDCl3.
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Figure 2.20. 1H NMR spectrum of dimethyl 5-((4-(2-oxo-2-(p-tolyl)acetyl)phenyl)ethynyl)
isophthalate (11) in CDCl3.

Figure 2.21. 13C NMR spectrum of dimethyl 5-((4-(2-oxo-2-(p-tolyl)acetyl)phenyl)ethynyl)
isophthalate (11) in CDCl3.
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Figure 2.22. 1H-1H COSY NMR spectrum of dimethyl 5-((4-(2-oxo-2-(p-tolyl)acetyl)phenyl)
ethynyl) isophthalate (11) in CDCl3.

Figure 2.23. 1H NMR spectrum of (4-(p-tolylethynyl)phenyl)methanol(13) in CDCl3.
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Figure 2.24. 1H NMR spectrum of 1-(4-(hydroxymethyl)phenyl)-2-(p-tolyl)ethane-1,2dione(14) in CDCl3.

Figure 2.25. 13C NMR spectrum of 1-(4-(hydroxymethyl)phenyl)-2-(p-tolyl)ethane-1,2dione(14) in CDCl3.
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3

Chapter 3: A Synthetic and Photophysical Study of Alkylated-Pterin Conjugates

3.1. Introduction
Pterins belong to a family of nitrogen-containing heterocycles found in numerous
biological systems.1 Folic acid (FA) is a noteworthy pterin derivative with diverse biological
roles (blood cell production, DNA biosynthesis, etc.)2 Other pterin derivatives play different
biological roles such as molybdenum cofactors.4–6Structurally, pterins are similar to guanines
and flavins7 and show acid–base equilibrium (keto–enol tautomerism). The phenolate form
dominates in basic pH, whereas the amide functionality dominates in acidic pH (Scheme 3.1).
We were interested in pterins because of their interesting photochemical properties. They
possess unique photosensitizer properties8 and interesting fluorescence properties,9 which
have been well studied in aqueous solutions.
Scheme 3.1. Pterin acid base equilibrium.

Pterins can generate reactive oxygen species (ROS) by both type I (radical) and type
II mechanisms (1O2).10, 11 Singlet oxygen quantum yields of pterins are mainly based on pH.
In general, their singlet oxygen quantum yield varies from 0.04 to ~0.4.10 Upon UVA
excitation (320-400 nm), unconjugated oxidized pterins present broad emission bands
centered around 450 nm, fluorescence quantum yields (F) above 0.10 and fluorescence
lifetimes (F) in the range 2-14 ns.10 On the other hand, conjugated pterins such as PteGlu,
show weak fluorescence (F < 0.01) due to the PABA substituent which acts as an “internal
quencher” and deactivates the singlet excited states of the pterin moiety.
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Figure 3.1. Some examples of pterin derivatives.
Below

are

a

few

examples

from

literature

on

pterin

photosensitizers.

Oligodeoxynucleotides have been covalently bound to 6,7-diphenylpterin and used as
photosensitizers.12 Nucleoside analogs have been synthesized as pterin derivatives.13 Pterins
are reported in photosensitized oxidation of biomolecules, such as nucleotides,14 DNA,15
amino acids,16 peptides,17 proteins18,

19

and biomembranes.20 Relatedly, pterins have been

found to induce the photokilling of cervical cancer (HeLa) cells upon UVA irradiation, and
alter the integrity of the cell membranes, among other deleterious aspects.21 In 2016, a report
showed that the natural product pterin (Ptr) freely passes across large unilamellar vesicle
(LUV) and photoinduce the oxidation of lipids of the membrane.20 It was concluded that no
direct contact existed between Ptr and the membrane, so that the photooxidation is a dynamic
encounter process. The key point of this study is that pterins are not soluble in organic
solvents and do not bind to biomembranes.
Despite much research on pterins and much photochemical insight gained,8,

22, 23

solubility problems have persisted. For this reason, we now report on how an alkylation
approach, using decyl chain conjugation, provides avenues for studying pterins in lipophilic
environments. Below, we first give some background on synthetic modifications of pterin
reported in the literature to provide a sense of the current state of pterin science.
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The synthesis of pterins can be cumbersome due to organic solvent insolubility so that
column chromatography techniques are hampered. Only scarce reports exist on lipophilic
pterins. Lipoidal biopterin (Bip) and tetrahydrobiopterin (H4Bip) derivatives were
synthesized to be used as pro-drugs in diseases deficient in H4Bip, such as phenylketonuria,
Parkinson’s and Alzheimer’s disease.24 In addition, an O-alkylated 6-carbon chain at the
position 4 of a pterin derivative was synthesized for use as a redox-active wire, targeting the
pterin binding site of nitric oxide synthase.25 However, except for the lipoidal Bip, there
appear to be no other reports of long-chain alkylated pterins in the literature. The conjugation
of long alkyl chains to drugs offers a handle for delivery to lipophilic sites. For example, a
long-chain alkylated -glucoside inhibitor 1-deoxynojirimycin increased its lipophilicity as
well as its inhibitory potency.26, 27
Similarly, organic chemists doing mechanistic studies will often use substituents to
make otherwise insoluble molecules solvate. For instance, t-butyldimethylsilyl substituents
have been connected to the sugar of guanosine in order to have the guanosine solvate.28-31
Various sensitizers such as porphyrins and chlorins have also had alkyl substituents or PEG
substituents attached in order to enhance their solubility.32-35 Conjugated polymers with a
ratiometric fluorescent response to singlet oxygen have also been solubilized with ethyl and
hexyl substituents.36 There are other uses for alkyl-substituted sensitizers, e.g., alkylated
porphyrin37, such as membrane binding38-44, but little information exists in this vein for
pterins.
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Figure 3.2. An alkylated porphyrin, a TBDMS-substituted guanosine and N-methyl pterin.
Here, we present a variation of the pterin topic to address the pterin solubility problem
by the attachment of a straight chain of ten carbons. We thought a decyl-pterin conjugate
would be a good target and bear a similar overall length to long-chain (C12–C16) fatty
alcohols. We hypothesized that both kinetic and thermodynamic principles would determine
the stability of O- vs N-alkylated pterins. This chapter describes (1) the synthetic efficiency
of pterin alkylation, and structural characterization with 2D NMR spectroscopy (2)
dependence of regioselectivity in alkylation on temperature, solvent, or base (3) calculations
whether computed enthalpies were related to the regioselectivity, and whether the attached
alkyl group migrates around the pterin periphery via a “walk rearrangement”, (4) whether
computed solubilities predict lipophilic amplification in pterins 3 and 4 compared to pterins 1
and 2 (5) mechanistic summary for the regioselectivity of pterin alkylation (6) fluorescent
quantum yields and singlet oxygen quantum yields of pterins, (7) photostability and (8)
phospholipid membrane binding data.
(This work was performed in collaboration with Dr. Andres Thomas and Mariana Vignoni at
INIFTA, La Plata, and Sergio Bonesi at University of Buenos Aires in Argentina. Synthesis
was carried out in Prof. Greer lab. Photophysical and membrane binding studies were
carried out by Dr. Mariana Vignoni in Dr. Andres Thomas lab)
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3.2. Results and Discussion
Results and discussion can be categorized into two parts. In the first part (Sections
3.2.1–3.2.6), we describe the synthesis and characterization of pterins 1–4 and computed the
stabilities of alkyl pterins, rearrangement pathways, and solubility patterns. In the second part
(Sections 3.2.6–3.2.9), we discuss the photochemical and photophysical properties of decyl
pterins.
3.2.1. Synthesis and Characterization of Pterins 1-4
Scheme 3.2. Synthesis of decyl pterins 1-4.
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Our preparation of pterins 1-4 relied on the use of basic reaction conditions and 1iododecane as the alkylating reagent in N,N-dimethylformamide (DMF) at 70 °C (Scheme
3.2). Fortunately, the alkylation enhanced product solubility enabling the separation of 1 in
37%, 2 in 31%, 3 in 20%, and 4 in <1% overall yields. Based on HPLC data, the purity of 1
was 99%, of 2 was 99%, of 3 was 97%, and of 4 was 99%. Alkylated pterins were easily
separated. LCMS data indicated that 1 and 3 each contained one decyl chain (for 1 the MS
calculated for C16H25N5O [M +H+] = 304.2137, found 304.2135; for 3 the MS calculated for
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C16H25N5O [M + H+] = 304.2137, found 304.2134). LCMS data indicated that 2 and 4
contained a decyl chain and a condensed DMF molecule (for 2 the MS calculated for
C19H30N6O [M + H+] = 359.2559, found 359.2552; for 4 the MS calculated for C19H30N6O
[M + H+] = 359.2559, found 359.2556). 1H NMR data led us to the regiochemical
assignments of 1-4. 1-CH2 proton signals for the O-alkylated pterins are assigned for 1 at
4.35 ppm and for 2 at 4.20 ppm, whereas 1-CH2 proton signals of N3-alkylated are assigned
for 3 at 3.95 ppm and for 4 at 4.03 ppm due to the methylene group attached to the more
electronegative oxygen than nitrogen atom.

Figure 3.3. Expanded 1H NMR spectra of compounds 1-4. O-substituted pterins 1 and 2
shows downfield signal compared to N3-substituted pterins 3 and 4.
Furthermore, we have collected 2D NMR spectra (HSQC and HMBC NMR) to
provide additional spectroscopic evidence for pterin 1 and 3. The carbon signals for 1 and 3
were definitively assigned through analysis of the

13

C, HSQC and HMBC NMR spectra

(Tables 3.1 and Figures 3.18, 3.19, 3.33, 3.34). However, the key to the unambiguous
assignment of the O- and N-alkylation were the HMBC NMR spectra.

52

Figure 3.4. (a) The expanded 2D HMBC spectrum of pterins 1 in DMSO-d6 shows a 3JCH
correlation (X) between O−CH2 protons coupled to carbon b suggesting O4-alkylation (b)
The expanded 2D HMBC spectrum of pterin 3 in DMSO-d6 shows two 3JCH correlations
(Y,Z) between the N−CH2 protons coupled to carbons a′ and b′ suggesting N3 alkylation.
Figure 3.4a is an expanded portion of HMBC spectrum for pterin 1 which shows the
O−CH2 protons (4.46 ppm) in relation with the aromatic carbons. Only one cross peak is
observed suggesting an exocyclic connection for the alkyl chain, and ruling out an endocyclic
connection, limiting the alkyl chain’s location to O4 or N2. Furthermore, cross peak X shows
a connection between the O−CH2 (4.46 ppm) and carbon b, which is consistent with O4
alkylation. Acidic and basic conditions do not change the UV spectra of the pterin 1 further
supporting the O4 alkylation assignment. Figure 3.4b is an expanded portion of the HMBC
spectrum for pterin 3, in which two observable cross peaks (Y,Z) suggest the alkyl chain is
connected to an endocyclic nitrogen. The N−CH2 peak (3.95 ppm) does not show any
correlation with the e′, f′, c′ or d′ carbons ruling out alkylation at N1, N5 and N8. However,
the N−CH2 peak does show correlation with the a′ and b′ carbons suggesting alkylation at N3.
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Table 3.1. 13C and 1H NMR data for pterins 1 and 3.

pterin 1

position

13

C signal/

δ (ppm)

1

pterin 3

H signal/ position
δ (ppm)

13

C signal/

δ (ppm)

1

H signal/
δ (ppm)

b

166.9

b′

160.7

a

161.6

f′

155.8

f

157.2

a′

153.9

d

150.9

8.78

d′

150.0

8.66

c

139.5

8.43

c′

139.1

8.36

e

123.4

e′

128.0

O4-CH2

67.2

N3-CH2

41.7

4.46

3.95

3.2.2. Temperature, Solvent, and Base Dependence Yields of Pterins 1 and 3
Table 3.2 shows the percent yields of pterin 1 and 3 in reactions of pterin 1 carried out
in the presence of K2CO3 in DMF at temperatures ranging from 25 °C to 90 °C. This study
expands on the previously explained conditions of K2CO3 in DMF at 70 °C. We observe that
there was no reaction at 25 °C up to 40 oC (entry 1). The reaction yielded products 1 and 3 at
60 oC in a 1.4:1 ratio, and a ratio of 1.85:1 at 70 oC (which was the optimum temperature for
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regioselectivity for obtaining pterin 1) (entries 2 and 3). However, at 90 °C, there was no
observed formation of products 1 and 3, which is due to DMF condensation onto N2 site
(entry 4).
Table 3.2. Synthesized percent yields of pterins 1 and 3 under different reaction conditions.
yields of products (%)

temperature
entry

solvent

base
(°C)

1

3

1

DMF

25-40

K2CO3

0

0

2

DMF

60

K2CO3

35 a

25 a

3

DMF

70

K2CO3

37 a

20 a

4

DMF

90

K2CO3

0

0

5

DMF

70

NaOH

0

0

6

DMA

70

K2CO3

40 a

25 a

7

THF

70

K2CO3

~6 b

~3 b

8

DCM

40

K2CO3

0

0

a

Isolated yields. b Detected in the reaction mixture by 1H MMR spectroscopy.

Table 3.2 also shows the percent yields of pterin 1 and 3 in reactions of pterin 1
carried out in the presence of bases (K2CO3 or NaOH) in various solvents (DMF, DMA,
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THF, and DCM). We tested NaOH and found that no products were obtained in DMF (entry
5). The reaction in DMA was found to produce regioselectivity of 1.6:1 for 1:3 which was the
highest seen in our solvent series. Reactions in THF and DCM led to pterins 1 and 3 at very
low yields (entries 7 and 8). Reactions in THF give yields less than 10% with pterins
1 and 3 as the only products, which appear to be due to the low solubility of pterin 1 in these
solvents.
Next, we wanted to investigate the stability of alkyl pterins, namely to see the relative
energies of pterin isomers and determine whether pterins function as carriers of alkyl groups.
Thus, we investigated this possibility with DFT.
3.2.3. DFT Computed Stabilities of Alkyl Pterin Regioisomers
DFT computations provide a means of predicting the relative stability of isomeric
alkylated pterins and possible mechanisms for the rearrangement of alkyl pterin. Calculations
were performed on a methyl pterin derivative in order to understand the decyl group’s impact
on the “walk” rearrangement energetics (Figure 3.5). In Figure 3.6, three mechanisms can be
envisioned for alkyl pterin rearrangement (neutral and anionic surfaces): (a) a concerted
unimolecular through an alkyl “walk” rearrangement, (b) a dissociative pathway through an
alkyl carbocation and pterin oxy anion formation, and (c) a dissociative pathway involving
radical pair formation. We focused first on the concerted route (path A).
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Figure 3.5. Schematic of the possible role of a walk rearrangement of the R group around the
pterin periphery .

Figure 3.6. Possible mechanisms of alkyl pterin rearrangement: (a) concerted alkyl ”walk”
rearrangement, (b) a dissociative pathway through ions, and (c) a dissociative pathway through
radical pair formation. The B3LYP/D95** optimized structures are shown for 5 and 5b.
Figure 3.7A shows the relative enthalpies which were calculated for path A. The
relative enthalpies for the O- and N-methyl pterins is 6.8 kcal/mol (5 and 5b, respectively),
and for the O- and N-decyl pterins is 5.6 kcal/mol (1 and 3, respectively). In both cases the N-
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alkylated pterin is computed to be more stable than the O-alkylated pterin. The relative
enthalpies for anionic O- and N-methyl pterins were also carried out.
Figure 3.7B shows the calculated anionic surface, in which the N- and O-methyl
pterin anions have a more pronounced stability difference of 23.1 kcal/mol than their neutral
counterparts, with the N-methyl pterin remaining the more stable. DFT calculations predict
high activation enthalpies of 53.2 kcal/mol for the O- to N-rearrangement of methyl pterin
through a concerted pathway. Further calculations on 5 and 5b show that the formation of ion
pair intermediates (path B) or radical pair (path C) both require greater than 60-kcal/mol of
energy. The energy requirement for path B is very high due to charge separation in the gas
phase.
Figure 3.8 shows a computed energy diagram for a “walk” rearrangement of the
methyl group around the periphery of the pterin ring in a counter clockwise direction.
Relative enthalpies in kcal/mol of the pterin isomers and transition states are shown. The
[1,3]- and [1,4]-methyl shifts require very high activation energies. Thus, it is logical to
conclude that the O- and N-alkyl pterins, e.g., 1 and 3, are non-interconverting species, unlike
walk processes observed for molecular rearrangements45-55, such as the walk rearrangement
of bicyclo[2.1.0]pent-2-ene.56
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Figure 3.7. B3LYP/D95** potential energy surface of minimum energy structures and
transition states (TS) for 5 and 5b (R = methyl) (A), and 5 anion and 5b anion (R = methyl)
(B), and minimum energy structures for 1 and 3 (R = decyl). Further calculations on 5 and 5b
show that the formation of a radical pair, or ion pair intermediate both require >60 kcal/mol
energy. Relative enthalpies in kcal/mol.
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Figure 3.8. B3LYP/D95** computed potential energy surface (PES) for a walk
rearrangement of the methyl group around the periphery of the pterin ring in a counter
clockwise direction. Compounds 5′, 5, and 5b–5i optimized to minima, where species labeled
“TS” are saddle points.
3.2.4. Solubility
Our alkylation process leads to pterins that are soluble in organic solvents.
Experimental and computational data indicate that addition of the decyl chain to pterins lead
to organic solvent solubility, instead of the water solubility seen in the parent Ptr. Pterins 1-4
were found to have high solubility in organic solvents, such as dichloromethane,
dimethylsulfoxide, acetonitrile, and methanol. By comparison, unsubstituted pterins are
insoluble in organic media and sparingly soluble in water, e.g., 2 mg Ptr dissolves in 100 g of
water (22 °C). Alkaline conditions (e.g., 0.05 M NaOH)57 can allow for greater solubility or
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solvent mixtures must be used, such as 1:1 ratios of methanol/water or DMSO/water.
Table 3.3. Computed log P and log D
Compound Computed

Computed

logPa

logDa

pH
7

11

1

3.53

3.52

3.53

3.53

2

3.97

2.23

3.95

3.97

3

2.81

2.81

2.81

2.81

4

2.92

0.89

2.66

2.92

5

-0.89

-0.89

-0.89

-0.89

-0.96 0.16 1.96

Pterin
a

3

Computed with the MarvinSketch 17.1.2
(ChemAxon Ltd. Budapest, Hungary).

Table 3.3 shows computed log P and log D data for pterins in the series to predict the
partitioning in lipophilic media. Log P is the partition coefficient of a neutral pterin, and log
D is the distribution coefficient for the partitioning of charged pterins. Both log P and log D
are computed for relative pterin partitioning in biphasic media. Clearly, the addition of the
decyl chain leads to higher octanol solubility for the O-alkylated pterins 1 and 2 compared to
N3-alkylated pterins 3 and 4. Thus, pterins 1 and 2 may exhibit greater binding than 3 and 4
in membrane and lipid environments. The computed log D data are equal to the appropriate
values of log P for pterins 1 and 3 between pH 3–11. This suggests that pterin 1 and 3 are
resistant to dissociation in an acidic or basic medium. However, log D values of biguanidelike pterins 2 and 4 deviate from corresponding log P in acidic pH. Data shows that more
lipophilic decylated pterins 1–4 show a three to four fold increase in their computed solubility
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in octanol as compared to the parent pterin 1 and N-Methyl pterin. On the other hand, the
parent Ptr and N-Methyl pterin in the neutral or anionic state was predicted to have water
solubility rather than octanol solubility. The negative computed log D values for basic and
acidic pterin are due to their water solubility, in particular for the former the basic pterin. The
computed log D results with parent pterin 1 are in-line with literature, sparing solubility in
water and very low solubility in most organic solvents.58-61 As shown in literature, covalently
attaching an alkane chain, e.g. from a -CH2- to -(CH2)8- bridging, to a dye, e.g. diketopyrrolo-pyrrole dye, increases the dye’s solubility in organic solvents.62 One reference
showed that the increase in solubility could be as high as by a factor of 60.63
3.2.5. Mechanistic Summary
Here, we postulate on the factors underlying the alkylation and stability of pterins.
Our 2D NMR data provided evidence that the decyl group attaches to pterin at the O4 or N3
position. There was no evidence for alkylation at any other position. The nucleophilicity at
O4 and N3 are similar, this is apparent due to the ~1.6:1 ratios of both isomers. Thus, there is
evidence that pterins 1 and 2 are kinetic products, and pterins 3 and 4 are thermodynamic
products, by analogy to tautomer structures of purines, as well as thermodynamic N-alkylated
purines with quinone methides.64,65 Here, aromaticity does not appear to be a driving force for
formation of 1 and 2 relative to 3 and 4, as has been found for other rearrangements and
product formation.66,67 No evidence was found for the formation of dialkylated pterins when
reaction performed in DMF, which may be explained by the high energy costs by steric
shielding once the first alkyl chain is added there by prohibiting the addition of the second
alkyl chain. As an aside, pterins 2 and 4 that have the condensed DMF molecules, are
somewhat structurally similar to biguanide derivatives with NH2-C(NH)-NH-C(NH)-NH2
groups, such as the antidiabetic drug metformin.68-72 Solvents DMF and DMA are superior to
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THF and DCM for nucleophilic substitution reaction as the reactant pterin 1 is more highly
soluble in the former two solvents.
In addition to solubility enhancements, it is logical to suggest an increase in the
pterins’ resistance against forming of aggregates due to alkylation, similar instances of
deaggregation of porphyrins and other aromatics due to alkylation in organic solvents.73-81
This decrease in aggregation has proven necessary to improve sensitizer performance.82-86
One reason the solubility enhancement is so beneficial is that the reactions of pterins are not
amenable to common organic solvents and purification techniques. Apart from solubility and
aggregation issues, the alkylation also makes pterins 3 and 4 potential sensitizers for
incorporation into membranes, potentially halting the pterin migration across membranes.
3.2.6. Absorption and Emission Spectra
Figure 3.9 shows the absorption spectra for compounds 1-4 in acetonitrile, which
were very similar to those recorded in methanol. Compounds 1 and 3 have a broad band
centered at ca 350 nm, similar to the typical UVA band of Ptr.10 Compounds 2 and 4 have an
intense absorption band centered about 305 nm, which is not present in the Ptr spectrum and
can be attributed to the condensed DMF moiety. This band is partially superimposed to the
typical UVA absorption band of Ptr.
Pterins 1-4 were dissolved in mixtures methanol/water 1:1 (v/v) and their
corresponding absorption spectra were recorded at two different pH (5 and 10), since the pKa
of Ptr is ~ 8. No pH dependence was observed for 1-4, suggesting that the typical acid-base
equilibrium of Ptr moiety is not present. This fact is in agreement with the proposed
structures, since the acid-base equilibrium is lost due to the alkylation (Scheme 3.1).
Furthermore, the absorption spectra of pterins 1 and 3 were compared with the acidic and
basic forms of Ptr in aqueous solution:87 compound 1, that has the same structure of basic Ptr,
has the high energy band blue-shifted in comparison with the corresponding band of
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compound 3 (structure similar to acid Ptr), and the low-energy band of compound 1 is redshifted in comparison with the corresponding band of compound 3. Therefore, the spectral
features of compounds 1 and 3 are logical taking into account the proposed chemical
structures (Scheme 3.1).
Figure 3.10 shows the corrected fluorescence spectra by excitation at 350 nm of
compounds 1-4 in acetonitrile. The emission maxima are blue-shifted compared to the
corresponding Ptr spectrum in aqueous solutions (Table 3.4). Furthermore, the fluorescence
quantum yields (F) were determined (Table 3.4) and all of them were lower than those
previously reported for Ptr.87 A first-order rate law was observed for all the emission decays.
A typical trace recorded for pterin 2 is shown in Figure 3.10. Fluorescence lifetimes (F) were
determined to be around 1.5 ns, which is significantly lower than those reported for Ptr and
other unconjugated oxidized pterins.87,88 These values explain why F of compounds 1-4 are
lower than that reported for Ptr and reveal that the chain linked to the pterin moiety enhances
the deactivation of the singlet excited state.
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Figure 3.9. Absorption spectra of pterins 1-4 in acetonitrile. Spectra are normalized at
absorption maximum of each compound.
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Figure 3.10. Fluorescence emission spectra of pterins 1-4 in acetonitrile. The absorbance
of all compounds was equal at 350 nm. Inset: fluorescence decay of pterin 2 (exc= 341
nm, em= 430 nm).
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Table 3.4. Spectroscopic properties of pterins 1–4 in acetonitrile.
Compound

Absorption

Emission

max /nm

max/nm

Fluorescence
quantum
yielda

Fluorescence
lifetime/ns b

1

O2 quantum
yieldc

τF



F
1

234/263/354

428

0.012 ± 0.002

1.2 ± 0.2

0.50 ± 0.02

2

238/309

428

0.078 ± 0.008

1.5 ± 0.1

0.37 ± 0.02

3

240/278/348

417

0.043 ± 0.005

0.8 ± 0.1

0.36 ± 0.02

4

232/305

424

0.076 ± 0.008

1.5 ± 0.1

0.35 ± 0.01

parent Ptr
(basic form) d

252/358

456

0.27 ± 0.02

5.0 ± 0.4

0.30 ± 0.02

parent Ptr
(acidic form) d

270/340

439

0.33 ± 0.02

7.6 ± 0.4

0.18 ± 0.02

Wavelengths of absorption and fluorescence (max), fluorescence quantum yields (F),
fluorescence lifetimes (τF) and singlet oxygen quantum yields ().aexc 350 nm bexc 341
nm, em 420 - 430 nmcexc 350 nmdSolvent: water, data from reference 87.
3.2.7. Singlet Oxygen Production
Pterins 1-4 were found to generate 1O2 in air-equilibrated acetonitrile solutions by
monitoring its near-infrared luminescence at 1270 nm. Figure 3.11 shows 1O2 emission that
was detected for each pterin. To our delight, pterins 1-4 yielded higher Φ∆ values compared
to the parent pterin (Table 3.4).89
It is important to recall that conjugated pterins, e.g. folic acid, are poor 1O2
sensitizers10 and present very low F values due to internal fluorescence quenching by rapid
radiation-less deactivation of the singlet excited state.87 This deactivation process is thought
to occur through an intramolecular electron transfer between the PABA moiety and the
singlet excited state of the pterin moiety.90 The behavior observed for pterins 1-4 is different
and indicates that the decyl chain substituent, in this case, does not enhance the deactivation
of the singlet-excited state to the ground state. Indeed, this is logical because an
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intramolecular electron transfer is not possible from the decyl chain substituent. Moreover,
the low F values for 1-4 compared to Ptr, are attributed to efficient intersystem crossing, and
consequently higher Φ∆ values. We show that the decyl chain substituent in pterins 1-4 not
only leads to higher solubility in organic solvents, but also preserves the capacity to form
triplet excited states and therefore function as 1O2 photosensitizers.

1
2
3
4

Emission/cps
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Figure 3.11. Singlet oxygen emission spectra of pterins 1-4 in acetonitrile (exc= 350 nm).
3.2.8. Photostability
In addition to increased singlet oxygen quantum yields, protection of the pterin from
photodegradation would be desired for its use as a photosensitizer. Therefore, we investigated
the photostability of pterins 1-4. Solutions of each compound were exposed to UVA
irradiation and the corresponding absorption spectra were recorded at different time intervals.
Deep spectral changes were observed for pterins 1 and 3 in the first 30 minutes of irradiation
(Figure 3.12a and 3.12c) revealing that, under our experimental conditions, these compounds
are rapidly photodegraded. On the other hand, pterins 2 and 4 seems to be much more
photostable, since almost no spectral changes were registered in 2 hours of irradiation (Figure
3.12b and 3.12d). For comparative purposes, photolysis of Ptr under the same conditions was
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carried out. Results showed that Ptr was slightly degraded within the time window of the
experiment (Figure 3.12e). In other reports,91-95 sensitizers or compounds with free amine
groups have been shown to be labile to photodegradation, often occurring through a type I
(electron transfer and H atom abstraction) photosensitized reaction.11,

96, 97

Knowledge of

synthetically modified pterins for higher stability to photooxidative stress is very useful.
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Figure 3.12. Time evolution of the absorption spectra of irradiated solutions of (a) pterin 1,
(b) pterin 2, (c) pterin 3, (d) pterin 4, and (e) Pterin. Spectra were recorded at 0, 5, 10, 20, 30,
45, 60, 90, 120 min. The optical path length was 1 cm. Arrows indicate changes observed
(λexc= 350 nm)
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3.2.9. Membrane Binding
As we mentioned in the introduction, a previous report showed that Ptr crosses lipid
biomembranes (LUVs) and is not intercalated to the membrane for any significant period of
time.20 To study whether the long-chain pterins can interact with lipid membranes, studies
similar to those described in ref 20 were performed. Pterins 1 and 2 were chosen since their
high percent yields allowed us to obtain sufficient quantities for lipid interaction studies.
EggPC LUVs containing 2% of each compound were passed through a size exclusion
chromatography column. Fractions were collected and analyzed by spectrophotometry, to
detect the light scattering of LUVs, and by fluorescence spectroscopy, to detect pterins 1 and
2. Figure 3.13 shows that LUVs eluted between fractions 4 and 6, which are the same
fractions where pterin 2 was detected. The same behavior was observed for pterin 1. This
result indicates that our decylpterins can intercalate to the membranes. Since no emission was
detected in any other fraction of the chromatography column, that is, no free compound was
observed, we surmise that the intercalation of pterins 1 and 2 to lipid biomembrane was close
to 100%.
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Figure 3.13. Elution profiles of molecular exclusion chromatography performed to eggPC
LUVs from free pterin 2. The absorbance at 600nm (●) and the fluorescence intensity (○) was
registered for each fraction to detect the LUVs and pterin 2, respectively (λexc =340 nm)
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To quantify the interaction of pterins 1 and 2 with biomembranes (eggPC LUVs), we
carried out titration curves at a constant concentration of a given pterin derivative with
increasing concentration of lipid (Experimental Section), and the corresponding binding
constants (Kb) were determined. To guarantee that the LUVs:pterin system was at
equilibrium, the emission spectra of the mixtures corresponding to the maximum
concentration of lipids used for each titration curve were monitored for up to 1 hour. For both
pterin derivatives no significant changes were observed after 10 min of incubation, indicating
that the system had reached the equilibrium. Therefore, all measurements of the titration
curves were performed after 15 min of incubation. Figure 3.14 shows the emission spectra of
pterins at different eggPC concentrations. Fluorescence emission of pterin 1 decreased with
the increase of eggPC concentration while the opposite happened for pterin 2. Binding
constants of pterins to LUVs were obtained fitting the fluorescence intensity as a function of
the concentration of eggPC (Figure 3.15). Values of Kb obtained for pterin 1 and 2 are 4 (±1)
x 104 and 1.1 (±0.3) x 104 M-1, respectively, which are in the same order of constants
obtained for other dyes such as xanthenes 98 or porphyrins.99
The emission spectra of pterins 1 and 2 in the absence of LUVs were used to calculate
the corresponding F values in aqueous media (Inset Figure 3.15), which in agreement with
measurements performed in ACN, were significantly lower than those reported for parent
pterin in water (Table 3.4). In the same way, the emission spectra of pterins 1 and 2 at high
eggPC concentrations (e.g. [eggPC] ≥ 1 mM), where the fraction of free compounds is
negligible, were used to estimate the F values in LUVs (Inset Figure 3.15), which were
again much lower than those reported for parent pterin.
It is noteworthy that normalized fluorescence spectra of pterins 1 and 2, in the
absence of LUVs, are shifted to longer wavelength when compared to the corresponding
spectra of compounds in acetonitrile (inset Figure 3.14). On the other hand, normalized
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fluorescence spectra of pterins 1 and 2 in water compared to residing via intercalation in the
biomembranes (high concentration of eggPC) are almost equal, which suggests that the
fluorophore of each compound (pterin moiety) anchored to the biomembrane is in an aqueous
environment. This fact allows to hypothesize that whereas the decyl substituent is intercalated
deep in the lipid bilayer and is responsible for the interaction, the pterin moiety is in the
outer, protic and polar region of the biomembrane.
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Figure 3.14. Fluorescence emission spectra of pterin a) 1 and b) 2 as function of eggPC
LUVs addition (arrows indicate increase in eggPC concentration). Inset: Normalized
fluorescence emission spectra in acetonitrile (–), aqueous media (∙∙∙) and in lipid
biomembranes (---) (λexc =340 nm)
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Figure 3.15. Association of pterins 1 (○) and 2 (●) in eggPC LUVs
3.3.

Conclusion
Decyl chain conjugation to pterins, dramatically increase their lipophilicity, which is

pertinent to their photoactivity and photostability. The following conclusions are made: (1)
Decyl chain pterin conjugates were synthesized in a regioselective manner. At 70 °C, the Oalkyl pterins are formed in higher yield than the N3-alkyl pterins. Our study has provided
evidence for kinetics and nucleophilicity being the dominant factors, rather than
thermodynamics and basicity in determining the regioselectivity of these reactions. This gives
us insight into controlling the selective formation of pterin derivatives. (2) Conjugation of the
decyl chain in pterin increases solubility in organic solvents. Within this series, log P values
for 1 and 2 suggest slightly higher lipophilicity compared to 3 and 4. (3) Pterins 1-4 are
shown to be 1O2 sensitizers. We show new pterins have higher 1O2 quantum yields compared
to parent Ptr, implying greater photooxidative activity. The fluorescent quantum yields for the
pterins 1-4 are relatively modest, and thus do not point to utility as fluorescent probes. (4)
Generating high-stability pterins resistant to self-photooxiation is an advantage. The
condensed DMF molecules conferred photostability to pterins 2 and 4 compared 1 and 3 and
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Ptr itself that bore free amine groups. (5) Pterins 1 and 2 intercalate in biomembranes with
binding constants comparable to xanthenes46 and porphyrins.
New pterins can be advantageous compared to natural pterins that readily pass through
membranes. Further efforts in synthesis can lead to additional lipophilic and photoactive
pterins with relative ease, which will be important in future research. A benefit of a longchain pterin is it can increase in detergent-like and amphiphilic properties, which is a
desirable feature in making nanovesicles. We are now developing reactions for pterins as
liposomes; “ptersomes”, which we aim to report in the near future. Porphyrin-based
conjugation routes have already emerged for porphysome nanovesicles with use in
photothermal therapy.100-104One further benefit to our success in the regioselective alkylation
of pterin is the potential to attach other substituents, such as CH2CH2CF2CF2CF2CF3, to
solubilize pterins in fluorous phases for a possible amplification of type II at the expense of
type I at fluorous solvent-water interfaces.
3.4.

Experimental Section

3.4.1. Materials and Methods
Pterin (Ptr), 1-iododecane, N,N-dimethylformamide (DMF), N,N-dimethylacetamide
(DMA), dichloromethane (DCM), tetrahydrofuran (THF), deuterated dimethyl sulfoxide
(DMSO-d6, 99.5%), hydrochloric acid (HCl), sodium hydroxide (NaOH) and potassium
carbonate (K2CO3) were obtained from Sigma and were used as received. Methanol and
acetonitrile were from J. T. Baker (HPLC grade). Tris(hydroxy-methyl)aminomethane (Tris)
was provided by Genbiotech. L-α-Phosphatidylcholine from egg yolk (eggPC) and
Sepharose® CL-4B was bought from Sigma-Aldrich. Chloroform was from U.V.E., and
acetonitrile and methanol were from J. T. Baker. All of them were HPLC grade. Water was
purified using a deionization system. Electronic absorption spectra were recorded on a
Shimadzu UV-1800 spectrophotometer, using quartz cells of 0.4 or 1 cm optical path length.
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The pH was measured using a pH-meter sensION+ pH31 GLP combined with a pH electrode
5010T (Hach) or microelectrode XC161 (Radiometer Analytical). The pH of the aqueous
solutions was adjusted by HCl and NaOH solutions. The concentration of the acid and the
base used for this purpose ranged from 0.1 M to 2.0 M. Nuclear Magnetic Resonance
Spectra were recorded on a Bruker 400 MHz or a 500 MHz spectrometer operating at 400
MHz (or 500 MHz) for 1H NMR and 100.6 MHz for 13C NMR, using deuterated solvents.
3.4.2. Synthesis of Pterins 1-4
To a solution of Ptr (25 mg, 0.15 mmol) in DMF (12 mL) potassium carbonate (22
mg, 0.15 mmol) was added. The mixture was sonicated and sparged with argon for 20 min.
Then, 1-iododecane (65 µl, 0.3 mmol) was added to the solution. The reaction mixture was
placed into a water bath and was stirred at 70 °C for 20 h. The solution was cooled at room
temperature and finally, the solvent was evaporated to dryness under vacuum providing a
solid residue. This solid residue was treated with NaCl (s.s.) (10 mL) and then was extracted
with DCM (3×10 mL). The organic layers were separated, dried over Na2SO4, filtrated and
evaporated to dryness. The white solid residue obtained was worked up by silica gel column
chromatography (eluent: DCM 100% followed by DCM-methanol mixtures). From the eluted
fractions, the products 1-4 were isolated and characterized by means of physical and
spectroscopic methods. The first eluted fraction contained a mixture of products 1 and 2
which were separated and purified by HPLC method. A Shimadzu HPLC apparatus with
PDA and fluorescence detector was employed with a Synergi Polar-RP column (ether-linked
phenyl phase with polar endcapping, 150×4.6 mm, 4 μm, Phenomenex) for product
separation. The mobile phase was methanol and the runs were carried out with a flow of 0.3
mL min-1.
Optimization of reactions conditions to obtain 1 and 3.

Pterins 1 and 3 were

synthesized by above described method with some modifications. Here, bases (NaOH or
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K2CO3) and solvents (DMF, THF, and DMA) were explored to expand on the previously
studied conditions of K2CO3 in DMF.All reactions were performed under Ar and in
anhydrous solvents. Base (NaOH or K2CO3, 1 equiv) was added to a solution of pterin 1 (1
equiv, 0.05-0.15 mmol) in anhydrous solvent (DMF, THF, or DMA, 10-12 mL). The mixture
was sonicated and sparged with Ar for 20 min. Then, 1-iododecane (2 equiv) was added to
the solution. The reaction mixture was placed into a water bath and was heated at 70 °C with
stirring for 20 h. The solution was cooled to room temperature and the solvent was
evaporated to dryness under vacuum. The solid products were treated with NaCl (s.s.) (10
mL) then extracted with DCM (3 × 10 mL). The organic layers were separated, dried over
Na2SO4, filtrated and the solvent was evaporated to dryness. The white solid residue obtained
was separated by silica gel column chromatography (eluent: DCM 100% followed by DCMmethanol up to 10% methanol).
4-(Decyloxy)pteridin-2-amine (1). Yield: 17.5 mg (37%), purity 99%. Rf
(methanol/DCM 5:95 v/v) 0.35. 1H NMR (500 MHz, DMSO-d6) δ 8.78 (d, J = 2 Hz, 1H),
8.43 (d, J = 2 Hz, 1H), 7.28 (s, 2H), 4.46 (t, J = 7 Hz, 2H), 1.81 (m, 2H), 1.23 (m, 14H), 0.84
(t, J = 7 Hz, 3H) ppm. 13C NMR (100.6 MHz, DMSO-d6) 166.9, 161.6, 157.2, 150.9, 139.5,
123.4, 67.2, 31.3, 29.0, 28.9, 28.7, 28.6, 28.1, 25.4, 22.1, 14.0 ppm. (ESI) m/z calculated for
C16H25N5O [M + H+] = 304.2137, found 304.2135.
N'-(4-(Decyloxy)pteridin-2-yl)-N,N-dimethylformimidamide (2). Yield: 17.5 mg
(31%), purity 99 %. Rf (methanol/DCM 5:95 v/v) 0.38. 1H NMR (500 MHz, DMSO-d6) δ
8.84 (s, 1H), 8.75 (d, J = 2 Hz, 1H), 8.50 (d, J = 2 Hz, 1H), 4.20 (t, J = 7 Hz, 2H), 3.26 (s,
3H), 3.13 (s, 3H), 1.65 (m, 2H), 1.24 (m, 14H), 0.85 (t, J = 7 Hz, 3H) ppm. 13C NMR (100.6
MHz, DMSO-d6) 161.3, 159.0, 157.4, 154.4, 149.9, 140.6, 130.0, 66.4, 42.5, 41.0, 35.0,
31.3, 28.9, 28.7, 27.4, 26.4, 22.1, 14.0 ppm. HRMS (ESI) m/z calculated for C19H30N6O [M +
H+] = 359.2559, found 359.2552.
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2-Amino-3-decylpteridin-4(3H)-one (3). Yield: 9 mg (20%), purity 97%. Rf
(methanol/DCM 5:95 v/v) 0.26. 1H NMR (400 MHz, DMSO-d6) δ 8.66 (d, J = 2 Hz, 1H),
8.36 (d, J = 2 Hz, 1H), 7.59 (s, 2H), 3.95 (t, J = 7 Hz, 2H), 1.56 (m, 2H), 1.23 (m, 14H), 0.85
(t, J = 7 Hz, 3H) ppm. 13C NMR (100.6 MHz, DMSO-d6) 160.7, 155.8, 153.9, 150.0, 139.1,
128.0, 41.7, 26.8, 31.3, 28.9, 28.8, 28.7, 26.0, 22.1, 14.0 ppm. HRMS (ESI) m/z calculated
for C16H25N5O [M + H+] = 304.2137, found 304.2134.
N'-(3-Decyl-4-oxo-3,4-dihydropteridin-2-yl)-N,N-dimethylformimidamide (4). Yield:
<1 mg (<1%), purity 99%.1H NMR (400 MHz, DMSO-d6) δ 8.81 (s, H), 8.75 (d, J = 2 Hz,
1H), 8.48 (d, J = 2 Hz, 1H), 4.03 (t, J = 7 Hz, 2H), 3.23 (s, 3H), 3.10 (s, 3H), 1.63 (m, 2H),
1.25 (m, 14H), 0.85 (t, J = 7 Hz, 3H) ppm. HRMS (ESI) m/z calculated for C19H30N6O [M +
H+] = 359.2559, found 359.2556.
3.4.3. Computations
Density functional theory (DFT) calculations were carried out with the Gaussian 09
program package107 and molecular structures were viewed with Gaussview 5.108 The DFT
functional used was B3LYP along with the D95** basis set.109 Frequency calculations
established the type of stationary point obtained. Intrinsic reaction coordinate calculations
demonstrated that saddle points connected minima. Thermal corrections for enthalpy were
added at 298.15 K and 1 atm. Log P and log D values were computed with Marvin Sketch
version 17.1.2 (ChemAxon Ltd. Budapest, Hungary).110
3.4.4. Mass Spectrometry
The liquid chromatography equipment/mass spectrometry (LCMS) system was
equipped with an UPLC chromatograph (ACQUITY UPLC from Waters) coupled to a
quadrupole time-of-flight mass spectrometer (Xevo G2-QTof-MS from Waters) (UPLCQTof-MS). UPLC analyses were performed using an Acquity UPLC BEH Shield RP18
column (1.7 μm; 2.1 ×100 mm) (Waters) and gradient elution staring with 20% water and
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80% of methanol and finishing with 100% methanol, at a flow rate of 0.2 mL min -1. The
mass spectrometer was operated in positive mode with a capillary voltage of 2.5 kV, the
cone voltage of 30 V, the cone gas flow of 20 L/h, the source temperature set to 130 °C and
the desolvation temperature set to 450 °C.
3.4.5. Fluorescence Measurements
Steady-state and time-resolved fluorescence measurements were performed at room
temperature using a single-photon-counting equipment FL3TCSPC-SP (Horiba Jobin Yvon),
described elsewhere.9 To obtain the fluorescence spectra the sample solution in a quartz cell
was irradiated with a CW 450W Xenon source through an excitation monochromator and the
luminescence, after passing through an emission monochromator, was registered at 90o with
respect to the incident beam using a room-temperature R928P detector. In time-resolved
experiments a NanoLED source (maximum at 341 nm) was used for excitation and the
emitted photons, after passing through a monochromator, were detected by a TBX-04
detector and counted by a FluoroHub-B module. The selected counting time window for the
measurements reported in this study was 0–200 ns.
The fluorescence quantum yields (F) were determined from the corrected
fluorescence spectra using Equation 1:
ΦF = ΦFRI AR/IRA

(1)

where I is the integrated intensity, A is the absorbance at the excitation wavelength (exc) and
the superscript R refers to the reference fluorophore. In our experiments Ptr in alkaline media
(F= 0.27)10 and quinine bisulfate (Riedel-de Haën, Seelze, Germany) in 0.5 M H2SO4 (F=
0.546)111 were used as a reference. To avoid inner filter effects, the absorbance of the
solutions, at the excitation wavelength, was kept below 0.10. Spectra were corrected for
wavelength-dependent emission profiles with corrections factors supplied by the
manufacturer and using the software FluorEssenceTM version 2.1 (Horiba Jobin Yvon).
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3.4.6. Singlet Oxygen Measurements
For 1O2 detection the experiments were carried out at room temperature using
acetonitrile as a solvent since the lifetime of 1O2 (τΔ) is long enough to detect it.105 The 1O2
emission in the near-infrared (NIR) region was registered using a NIR PMT Module H1033045 (Hamamatsu) coupled to the equipment FL3 TCSPC-SP mentioned above, as described
elsewhere.14 Briefly, the sample solution (0.8 mL) in a quartz cell (1 cm x 0.4 cm) was
irradiated with a CW 450W Xenon source through an excitation monochromator (330 nm
blaze grating). The luminescence in the NIR region, after passing through an emission
monochromator (1000 nm blaze grating), was detected at 90o with respect to the incident
beam. Corrected emission spectra obtained by excitation at 350 nm were recorded between
950 and 1400 nm, and the total integrated 1O2 phosphorescence intensities (IP) were
calculated by integration of the emission band centered at ca. 1270 nm.
For determining quantum yields of 1O2 production (Φ∆), the IP of each compound
(IPx) and that of phenalenone (IPR) used as a reference sensitizer in the same solvent were
measured, using matched absorbances at the wavelength(s) of excitation. Knowing the Φ∆ of
the reference (Φ∆R) and assuming that the quenching of 1O2 by the compounds 1-4 and by the
reference sensitizer is negligible compared with 1O2 deactivation by the solvent, the Φ∆ value
of a given compound x is given by Equation 2.
Φ∆x = Φ∆RIPx/IPR

(2)

3.4.7. Steady-State Irradiation
The continuous photolysis of large unilamellar vesicles (LUVs) was carried out
irradiating in quartz cells (0.4 cm optical path length). Two Rayonet RPR 3500 lamps
(Southern N.E. Ultraviolet Co.) with emission centered at 350 nm [band width (fwhm) 20
nm] were employed as radiation source. Photolysis experiments were performed in airequilibrated aqueous dispersions. Aberchrome 540 (Aberchromics Ltd.) was used as an
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actinometer for the measurement of the incident photon flux density (q0,Vn,p) at the excitation
wavelength.106 The obtained value was 2.5 (±0.2) × 10−5 Einstein L−1 s−1.
3.4.8. Preparation of LUVs
EggPC was dissolved in chloroform and dried under nitrogen stream to form lipid
films. Then the films were hydrated in Tris buffer (20 mM, pH 7.4). The samples were
vortexed for a few minutes and subsequently, the dispersions were sonicated using a probe
sonicator (Sonics Vibra Cell, VCX750). EggPC LUVs were kept at 4 °C until used.
3.4.9. Molecular Exclusion Chromatography
The Sepharose® CL-4B was equilibrated in 20mM Tris pH 7.4 and poured into a 1.5
× 9 cm column. The gel was left sedimenting overnight. Samples were eluted with the same
buffer and collected in 1 mL fractions.
3.4.10. LUVs Binding Experiments and Kinetics
To be sure the binding constant was obtained at equilibrium conditions, a kinetic
experiment was carried out using a high concentration of LUVs (1.2 mM) and the
corresponding pterin derivatives (2 µM). Fluorescence spectra were taken at different times,
showing a small increase in fluorescence. No further significant increase in fluorescence was
observed after 10 min of incubation, therefore binding constant measurements were
performed incubating for at least 10 min.
3.4.11. Binding Constants
A titration method99,47 was used to determine the binding constant (Kb). To a solution
of the corresponding pterin derivative (2 µM) in buffer TRIS, gradually increasing quantities
of eggPC LUVs were added. The mixture was shaken, incubated for ~15 min and the
fluorescence spectrum was recorded. Corrected fluorescence spectra obtained by excitation at
341 nm were recorded between 390 and 600 nm, and the total fluorescence intensities (F)
were calculated by integration of the fluorescence band between 410 and 600 nm. This
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parameter was then plotted on a graph against the lipid concentration and the data and the
following equation was used to fit the data:
FL = F0 + (F∞ - F0) x [L]/(1/Kb + [L])

(3)

where the three values F0, FL and F∞ are the fluorescence intensity of the compound without
lipid, with lipid at concentration L, and that which would be obtained asymptotically at
complete binding, respectively; and [L] is eggPC concentration.
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Figure 3.16. 1H NMR spectrum of 4-(decyloxy)pteridin-2-amine (1) in DMSO-d6

Figure 3.17. 13C NMR spectrum of 4-(decyloxy)pteridin-2-amine (1) in DMSO-d6
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Figure 3.18. HSQC spectrum of 4-(decyloxy)pteridin-2-amine (1) in DMSO-d6.

Figure 3.19. HMBC spectrum of 4-(decyloxy)pteridin-2-amine (1) in DMSO-d6.
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Figure 3.20. UV-Vis spectrum of 4-(decyloxy)pteridin-2-amine (1) in acetonitrile.
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Figure 3.21. Fluorescence spectrum of 4-(decyloxy)pteridin-2-amine (1) in acetonitrile.
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Figure 3.22. HRMS of 4-(decyloxy)pteridin-2-amine (1).

Figure 3.23. IR spectrum of 4-(decyloxy)pteridin-2-amine (1)
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1
Figure
3.24.
H NMR
spectrum
dimethylformimidamide (2) in DMSO-d6

of

(E)-N'-(4-(decyloxy)pteridin-2-yl)-N,N-

Figure 3.25. 13C NMR spectrum
dimethylformimidamide (2) in DMSO-d6

of

(E)-N'-(4-(decyloxy)pteridin-2-yl)-N,N-

85

Figure 3.26. Expanded 13C NMR spectrum of concentrated sample of 4-(decyloxy)pteridin2-amine (1) and (E)-N'-(4-(decyloxy)pteridin-2-yl)-N,N-dimethylformimidamide (2) as a 4:1
mixture in DMSO-d6

2.0

Absorbance

1.5

1.0

0.5

0.0
200

250

300

350

400

450

500

/nm

Figure
3.27.
UV-Vis
spectrum
dimethylformimidamide (2) in acetonitrile.

of
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Figure 3.28. Fluorescence spectrum
dimethylformimidamide (2) in acetonitrile.

of

(E)-N'-(4-(decyloxy)pteridin-2-yl)-N,N-

Figure 3.29. HRMS of (E)-N'-(4-(decyloxy)pteridin-2-yl)-N,N-dimethylformimidamide (2)
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Figure 3.30. IR spectrum of (E)-N'-(4-(decyloxy)pteridin-2-yl)-N,N-dimethylformimidamide
(2)

DCM

Figure 3.31. 1H NMR spectrum of 2-amino-3-decylpteridin-4(3H)-one (3) in
DMSO-d6
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Figure 3.32.
DMSO-d6

13

C NMR spectrum of 2-amino-3-decylpteridin-4(3H)-one (3)
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Figure 3.33. HSQC spectrum of 2-amino-3-decylpteridin-4(3H)-one (3) DMSO-d6

Figure 3.34. HMBC spectrum of 2-amino-3-decylpteridin-4(3H)-one (3) DMSO-d6
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Figure 3.35. UV-Vis spectrum of 2-amino-3-decylpteridin-4(3H)-one (3)
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Figure 3.36. Fluorescence spectrum of 2-amino-3-decylpteridin-4(3H)-one (3)
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Figure 3.37. IR spectrum of 2-amino-3-decylpteridin-4(3H)-one (3)

Figure 3.38. HRMS of spectrum of 2-amino-3-decylpteridin-4(3H)-one (3)
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Figure 3.39. 1H NMR spectrum of N’-(3-decyl-4-oxo-3,4-dihydropteridin-2-yl)-N,Ndimethylformamide (4) in DMSO-d6
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Figure 3.40. UV-Vis spectrum of N'-(3-decyl-4-oxo-3,4-dihydropteridin-2-yl)-N,Ndimethylformimidamide (4) in acetonitrile
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Figure 3.41. Fluorescence spectrum of N'-(3-decyl-4-oxo-3,4-dihydropteridin-2-yl)-N,Ndimethylformimidamide (4) in acetonitrile

Figure
3.42.
HRMS
dimethylformimidamide (4)

of

N'-(3-decyl-4-oxo-3,4-dihydropteridin-2-yl)-N,N-
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Table 3.5. 2D HSQC correlations of 1H protons with 13C

pterin 1

pterin 3

13

C
signal/

13

C
signal/

HSQC

δ (ppm)

HSQC
cross
signal

δ (ppm)

signal

166.9

-

160.7

-

161.6

-

155.8

-

157.2

-

153.9

-

150.9

8.78

150.0

8.66

139.5

8.43

139.1

8.36

123.4

-

128.0

-

67.2

4.46

41.7

3.95

95

cross

Table 3.6. 2D HMBC correlations of 1H protons with aromatic 13C

pterin 1

1

3.5

H signal/

13

C correlated peaks/

pterin 3

13

C signal/

13

C correlated peaks/

δ (ppm)

δ (ppm)

δ (ppm)

δ (ppm)

8.78

139.5, 157.2

8.66

139.1, 155.8

8.43

123.4, 150.9

8.36

128.0, 150.0

4.46

166.9

3.95

152.9, 160.7
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4

Chapter 4: Generation and Delivery of Singlet Oxygen in Superhydrophobic
Surfaces

4.1. Introduction
Singlet oxygen (1O2) as well as other reactive oxygen species are highly destructive and
unstable as discussed in Chapter 1. However, if the generation and delivery of 1O2 could be
tuned to specific locations, 1O2 can be used in a constructive way. Common homogeneous
photochemical methods suffer from a variety of issues with even minute amounts of
sensitizer, including contamination with the photosensitizer (dye), solubility of reactants and
dye in the same solvent, and use of halogenated solvents to reduce physical quenching.1 In
this chapter, we will focus on the optimization of 1O2 delivery via the phase-separated
approach by new sensitizer and its potential use in bacteria inactivation.2-5

Figure 4.1. Water drop on a smooth hydrophilic surface (a) and on a rough superhydrophobic
surface (b).1
"Reprinted (adapted) with permission from (Aebisher, D.; Bartusik D.; Liu, Y.; Zhao, Y.;
Barahman, M.; Xu, Q.; Lyons, A. M.; Greer, A. J. Am. Chem. Soc. 2013, 135, 18990–18998.).
Copyright (2013) American Chemical Society."

Our idea was to phase separate the sensitizer from the substrate to deliver 1O2 to
specific sites. For several years, the Greer lab has been developing new heterogeneous
sensitizers by applying the phase-separated approach.6-9 One of the main innovations during
this time is the combination of polymer science and photochemistry to design a triphasic
superhydrophobic system.10 This system was developed by Aebisher et al. in collaboration
with the Lyons group who had developed superhydrophobic polydimethylsiloxane (PDMS)
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surfaces.11 These surfaces retain droplets of liquid at water contact angles of 150 or higher
owing to their superhydrophobicity, as shown in Figure 4.1.

1
mm

1

A

B

1

C

Figure 4.2. Schematic and SEM images of water droplets on (A) surface A with phthalocyanine (Pc)
particles uniformly coated on the PDMS posts, (B) surface B with Pc particles residing near the tips of
the PDMS posts, and (C) surface C with silicone capping the post tips of PDMS posts otherwise
uniformly coated with PC particles on the posts. Beneath the fakir droplet is the plastron, where the
post surfaces remain dry. Here, fakir refers to the droplet’s “feat” (similar to a person lying on a bed of
nails)
"Reprinted (adapted) with permission from (Aebisher, D.; Bartusik D.; Liu, Y.; Zhao, Y.; Barahman,
M.; Xu, Q.; Lyons, A. M.; Greer, A. J. Am. Chem. Soc. 2013, 135, 18990–18998.). Copyright (2013)
American Chemical Society."
Aebisher et al. exploited this unique property to develop photocatalytic particleembedded superhydrophobic surfaces. In former studies, our group used photocatalytic
particles of phthalocyanine (Pc) to generate 1O2.10, 12 Pc particles were embedded on PDMS
surface in three different ways as depicted in Figure 4.2. By creating this layout with
hydrophobic surface, the triphasic system was achieved; as it can act as a dry, a partially
wetted, and a fully wetted surface, this study enabled 1O2 delivery at the solid–air–water
interface as well as the solid–water interface.
Although these findings are promising, the triphasic system (surface C) exhibits fivefold less 1O2 production than the diphasic systems (A and B). Therefore, we wanted to
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specifically improve the 1O2 production at the solid–air interface and its delivery to liquid
interface as shown in part C. We hypothesized that introducing a different sensitizer and
silica type will affect (improve) the 1O2 production. We have introduced chlorin e6 conjugated
silica particles as the photocatalytic particles and to investigate whether different types of
silica affect the 1O2 production differently, which will be discussed next.

a

Figure 4.3. Structures and photophysical properties of chlorin e6
Parkhats, M. V.;
Galievsky, V. A.; Stashevsky, A. S.; Trukhacheva, T. V.; Dzhagarov, B. M. Optics and
Spectroscopy, 2009, 107, 974–980. b Paul, S.; Heng, P. W. S.; Chan, L. W. J. fluoresce.
2013, 23, 283–291. cLovell, J. F.; Liu, T. W.; Chen, J.; Zheng, G. Chem. rev. 2010, 110, 2839–
2857
Chlorin e6 (Figure 4.3) is an excellent photosensitizer (~0.6), and our group has
synthetically modified chlorin e6 to attach to a silica surface.13 However, the synthetic route
includes several steps, i.e., time consuming, expensive, and leads to a low yield of final
products, making large-scale synthesis challenging and thus limiting the practical use of these
surfaces. Thus, we wanted to design an alternate synthetic route with a minimum number of
steps. In most literature, chlorin e6-conjugated silica nanoparticles were synthesized by a
coupling

reaction

with

three

carboxylic

groups

of

chlorin

e6

and

3-(3-

aminopropyl)trimethoxysilane.14-16 Similarly, we have devised a synthetic route with two
steps. However, this strategy has few drawbacks as discussed next. The instability of silanol
compounds causes great difficulty when attempting to remove the excess (3aminopropyl)trimethoxysilane. In addition, (3-aminopropyl)trimethoxysilane can attach to
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the silica surface, thus decreasing the yield of 1O2 as it is quenched by the surface amine
groups.17

Therefore,

we

replaced

(3-aminopropyl)trimethoxysilane

with

(3-

iodopropyl)trimethoxysilane. This strategy bears similarities to the work done by K. Stanger
et al., in which a (3-iodopropyl)trimethoxysilane was conjugated to dibenzothiophenes by
base-catalyzed nucleophilic addition.18
In addition to different sensitizers, we investigated different varieties of silica as the
solid support for the heterogeneous sensitizer. Porous Vycor Glass (PVG) and fumed silica
(CAB-O-SIL EH-5) were selected as the new solid supports. The two selected varieties of
silica have significantly different surface properties. PVG is a porous material with a higher
density and a surface area of 250 m2/g, whereas fumed silica is a nonporous white powder
with extremely low density and a high surface area of 380 m2/g.7, 19 We expected that the two
surface types will carry the sensitizer in different ways: PVG with sensitizer molecules inside
and outside the pores and fumed silica with sensitizer molecules occupying only on the outer
surface. In addition, we expected a higher 1O2 production and transport from fumed silica
compared to PVG. Fluorinated silica was also synthesized to use as a solid support, as the
fluorination reduces the surface physical quenching of 1O2.20 The first part of this chapter
discusses a novel method to anchor chlorin e6 to silica with a two-step synthesis, and the
second part discusses the efficiency of these particles in bi- and triphasic photooxidation
reactions.
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4.2. Results and Discussion
4.2.1. Synthesis and Characterization of Chlorin e6 -conjugated PVG, EH-5 Fumed
Silica and Fluorinated PVG Particles
Scheme 4.1. Synthetic scheme of chlorin e6 -conjugated silica particles 3, 4, and 5

We designed a two-step synthesis to attach chlorin e6 to a silica surface (Scheme 4.1).
Chlorin e6 was dissolved in acetonitrile and stirred with triethylamine to deprotonate the
protons of the three carboxylic acid groups. Then, (3-iodopropyl)trimethoxysilane was added
dropwise to facilitate the SN2-type reaction. The reaction mixture was refluxed at 70 C for
two days. The acetonitrile was removed from the reaction mixture, and the crude product was
used directly without any purification. Chlorin e6 silane 2 was attached to PVG, EH-5 fumed
silica, and fluorinated PVG by silane-to-silane coupling in toluene under reflux to obtain 3 in
12%, 4 in 9% and 5 in 6%, overall yields respectively. Fluorinated silica was prepared by the
silane-to-silane coupling of 3,3,4,4,5,5,6,6,6-nonafluorohexyltrimethoxysilane with PVG
similar to the procedure reported by Bartusik et al. (Scheme 4.2).20
The chlorin e6-conjugated particles were filtered, and the excess of adsorbed dye
molecules were removed from silica by Soxhlet extraction with methanol for 2 days. No
evidence of decolorization was observed after the Soxhlet extraction. This confirms the
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covalent bonding of sensitizer to silica. Furthermore, the particles were added to
dichloromethane (DCM) and analyzed by UV–visible spectroscopy to ensure that no dyes
leached out.
Scheme 4.2. Fluorination of silica particles

The hydrofluoric acid (HF) treatment method23 was used to dissolve the
functionalized silica and assist in the characterization by liberating the immobilized
molecules from surfaces. Figure 4.4 shows the UV–visible spectra of compounds 3 and 4
after the HF stripping. The obtained UV–visible spectrum of chlorin e6–PVG silica was
similar to chlorin e6, and the maxima were observed at 406 nm and 663 nm (Figure 4.4). This
clearly indicates that the covalent attachment is successful. However, the spectrum obtained
from dissolved chlorin e6 – EH5 fumed silica showed a slight red shift of the Soret band,
broadening, and blue shift of the Q-band.
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Figure 4.4. Normalized UV–visible spectra of (–) chlorin e6, (–) 3, and (–) 4 after HF
dissolution in n-butanol. 3 and 5 has similar UV-visible spectra.
4.2.2. Loading of Chlorin e6 onto Silica Particles
The amount of sensitizer loaded to silica surface was quantified by analyzing the UV–
visible spectra of dissolved silica with respect to a calibration plot of chlorin e6. The loading
amounts were found to be 4.00, 6.15 and 2.26 μmol/g for PVG, EH-5 fumed silica, and
fluorinated PVG, respectively. Additional surface parameters were calculated from the
amount of sensitizer loaded and surface area of silica (Eqs. 1–6 in the experimental section).
Because PVG has a porous structure, dye molecules can penetrate silica, and the penetration
depth was previously calculated to be 80 μm in PVG monoliths. Because the particles have a
radius of less than 75 μm, the dye molecules are assumed to be distributed throughout PVG.
In comparison, fumed silica does not contain any pores, and sensitizer penetration into fumed
silica is unlikely. Hence, a monolayer of attached sensitizer might have formed on its surface.
Our calculations show that the sensitizers are separated by ~200 Å in both PVG and fumed
silica. Thus, sensitizers are sufficiently separated and exceed the Förster energy transfer
distances.21 Fluorinated silica has a lower loading of chlorin e6 compared to nonfluorinated
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silica particles. This is mainly due to less available Si–OH groups on silica surface to react
due to fluorination. The photooxidation studies of photocatalytic particles 3 and 4 will be
discussed next.

Table 4.1. Loading of chlorin e6 silanes onto PVG and fumed silica
entry

photocatalytic system

loadeda
(μmol/gram)

loaded,
%b

sens:Si–OH
ratio c

ave. sens–
sens
distance/ Å
d

1

chlorin e6 –PVG(3)

4.00±0.01

0.24

1:414

203

2

chlorin e6 –fumed silica(4)

6.15±0.02

0.26

1:383

202

3

chlorin e6 –fluorinated
PVG(5)

2.26±0.24

0.14

-

271

a

Amount of chlorin e6 loaded to silica was quantified by the HF stripping method. b-d Eqs.
1–6 in the experimental section were used for these caculations.

4.2.3. Photooxidation Studies of Synthesized Chlorin e6 -Conjugated Particles in CDCl3
The 1O2 production of synthesized particles(3 and 4) were tested in a biphasic solution
(solid–liquid) interface using 2,3-dimethyl-2-butene (0.2 M) as the 1O2 trap in CDCl3.22 The
photolysis 3 and 4 carried out in O2-saturated CDCl3 solutions at room temperature. The
mixture was irradiated with a metal-halide light source with a cutoff filter of λ <500 nm.
Scheme 4.3. Photooxidation reaction of 2,3-dimethyl-2-butene
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Figure 4.5. Representative 1H NMR data of monitoring new olefinic protons with the spectra
of the photooxidation mixture composing chlorin e6 –PVG at different time intervals
2,3-Dimethyl-2-butene (6) reacts with 1O2 via Alder-ene reaction, resulting in new
olefinic protons and hydroperoxides (Scheme 4.3). The new olefinic proton peaks appeared at
4.99–5.04 ppm (a, b) and were monitored with time (Figure 4.5). Clearly, the intensity of new
olefinic protons increased with photoirradiation time. This indicates that chlorin e6 conjugated silica particles have the ability to produce 1O2, which in turn reacts with 2,3dimethyl-2-butene by Alder-ene reaction. Calculations show that 12 mM and 8 mM 1O2
production from 3 and 4 after ~1 h irradiation in CDCl3, respectively. Next, with the
successful biphasic results, particles were embedded onto superhydrophobic surfaces in order
to make triphasic photosensitizers.
4.2.4. Triphasic

Photooxidation

Studies

with

Chlorin

e6

Particle-Embedded

Superhydrophobic Surfaces
3 and 4 particle-embedded superhydrophobic surfaces were prepared in the following
manner. Polydimethylsiloxane (PDMS) was used as the superhydrophobic material. PDMS
surfaces were printed in 1-cm2 square arrays (20 × 20) with a pitch of 0.5 mm at the bottom
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of a glass slide as shown in Figure 4.6 similar to a previously reported method. Chlorin e6 conjugated silica 3 and 4 were spread on the PDMS surface immediately after printing.

Figure 4.6. Side and aerial view of silica-embedded superhydrophobic surface D

Chlorin e6 particles were embedded in two different ways (Figure 4.7): i.) chlorin e6 silica 3 and 4 were predominately confined to the tips of the PDMS post base (surfaces D and
F). ii) The tips of the PDMS post base were capped with silicone after uniformly coating with
chlorin e6 -silica 2 and 3 (surfaces E and G). The unattached particles were removed by
exposing the surface to high flows of compressed air. Approximately 19±3 mg of particles
was embedded onto an individual surface. The surfaces made from both chlorin e6 –Vycor
and chlorin e6 –fumed particles led to four different types of superhydrophobic surfaces.
(Superhydrophobic surfaces were prepared by Yang Liu in Prof. Alan Lyons lab)
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Figure 4.7. Schematic diagrams of surface D with chlorin e6–PVG particles residing near the
tips of the PDMS posts, surface E with silicone capping the post tips of PDMS posts
otherwise uniformly coated with chlorin e6–PVG particles. Surface F with chlorin e6–fumed
silica particles residing near the tips of the PDMS posts, surface G with silicone capping the
post tips of PDMS posts otherwise uniformly coated with chlorin e6-fumed silica particles
The triphasic photooxidation studies of D–G were carried out in a staining jar as
shown in Figure 4.8. The glass slide was placed in between two ridges and pasted using a
tape. Three sides of the staining jar were covered with an aluminum foil, and the laser point
was kept perpendicular to the superhydrophobic surface with a 25 mm distance.

Figure 4.8. Schematic and photographic representation of experimental setup
1

O2 production efficiency of D–G was evaluated in the presence of a 1O2 trap by

illuminating with a 669-nm using diode laser. 9,10-Anthracene dipropionate sodium salt
(ADP) (0.1 mM, pD = 10) was used to detect the 1O2 generated by above surfaces. ADP is a
water-soluble anthracene derivative that reacts with 1O2 via Diels–Alder reaction. This
reaction can be evaluated by monitoring the unique UV–visible spectra of ADP with a
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maximum at 378 nm. Hence, the amount of 1O2 produced by surfaces D–G was calculated by
analyzing the UV–visible spectra before and after the irradiation using a calibration plot. 10, 12
Scheme 4.4. Diel’s Alder reaction between 1O2 and ADPA

Table 4.2. 1O2 production of surfaces D–G
concentration of 1O2

Rate of 1O2 formation

system

formed a (μM)

(nmol/sec)

D

42.2

0.070

66.0

E

27.6

0.046

43.6

F

36.1

0.060

58.8

G

32.2

0.053

52.6

% yield of 6

Surfaces D–G were irradiated (λ = 669 nm) for 1 h in an ADPA solution in D2O at 25 C.
a
The yield of 1O2 produced was determined by monitoring the formation of endoperoxide
by the disappearance of 378-nm peak of ADP.
Table 4.2 shows the 1O2 production of surfaces D–G. In this data series, D (Chlorin e6
–PVG at top) and F (chlorin e6 -fumed silica at top) are biphasic photooxidation systems. In
a biphasic system, 1O2 is produced at the interface of a solid and an aqueous phase. Systems
D and F produced 42.2 μM and 36.1 μM of 1O2 after 1 h of irradiation, respectively. E
(chlorin e6 –PVG at base) and G (chlorin e6-fumed silica at base) are triphasic photooxidation
systems. In a triphasic system, the aqueous phase is suspended above a superhydrophobic
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surface so as to not make contact with the solid phase. The solid phase in a triphasic system is
situated within the superhydrophobic plastron and only makes contact with the air. 1O2 is
produced at the air/solid interface and migrates into the aqueous phase.
We observed comparatively low 1O2 production from E (27.6 μM) and G (32.2 μM).
This difference in yield can be attributed to the site of 1O2 generation. At the solid aqueous
interphase, 1O2 is generated in the water and thus can directly react with 5, which is dissolved
in the aqueous phase, resulting in a higher yield. In the triphasic system 1O2 is produced in the
plastron. Thus, it must diffuse into the aqueous phase in order to react with 5, during which
time 1O2 could be quenched. In the systems where we used PVG (D and E), a 1.5-fold
difference was observed in 1O2 formation between bi- and triphasic systems. However, EH-5
fumed-silica-embedded surfaces F and G had only a 1.1-fold difference. This difference in
efficiency between PVG and fumed silica can be attributed to the diffusion distance of 1O2.
PVG has a higher diffusion distance since the 1O2 forms inside the PVG's pores. On the other
hand, fumed silica is nonporous and thus 1O2 is produced only on the outer surface. These
data suggest that the chlorin e6 -–EH5 fumed silica is the better option in a triphasic system
compared to chlorin e6 –PVG.
4.3. Conclusion
A new synthetic method was developed to attach chlorin e6 to a silica surface using a
(3-iodopropyl)trimethoxysilane linker with less number of steps and reduced cost and time.
Up to 12% overall yields were obtained for attaching chlorin e6 to the silica surface. This
synthetic method aided to make higher quantities of material for expanded use in industrial
applications. chlorin e6–silica 3 and 4 have shown promising results in triphasic systems; for
example, triphasic surface G generates 1O2 quantities of up to 32 μM and has only 1.1-fold
difference compared to its biphasic system. However, both show similar range (20-100μM)
of 1O2 production. The triphasic system has one benefit over the biphasic system: The
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photosensitizer never makes direct contact with the water. Keeping the photosensitizer
separated from the water is useful for delivering 1O2 in a clean and pure fashion; minimizing
the risk of contamination from radical byproducts (has smaller diffusion distances) or
photobleached sensitizer byproducts. Therefore, these new chlorin e6–silica-embedded
superhydrophobic surfaces have great potential in applications for photodynamic bacteria
inactivation.

114

4.4. Experimental
4.4.1. Materials and Instrumentation
Methanol, acetonitrile, DCM, tetrahydrofuran (THF), chloroform-d3, acetonitrile,
D2O, chloroform, toluene, triethylamine, HF, hydrogen peroxide (30% w/w in H 2O solution),
(3-iodopropyl)trimethoxysilane, n-butanol, 2,3-dimethyl-2-butene (TME), 3,3,4,4,5,5,6,6,6nonafluorohexyltrimethoxysilane,

anthracene

dipropionic

acid

(ADPA),

potassium

dichromate, and sodium deuteroxide (30 wt% in D2O, 99 atom % D ) were purchased from
Sigma Aldrich used as received without further purification. chlorin e6 was purchased from
Frontier Scientific. PVG monoliths were purchased from Advance Glass and Ceramics.
CAB-O-SIL EH-5 fumed silica was purchased from CABOT Corporation. The synthesized
particles were purified by Soxhlet extraction in a thimble. The 1H NMR spectra were
acquired at 400 MHz using a Bruker 400DPX MHz NMR instrument. The UV–visible
spectra were recorded using a Hitachi U-2001 instrument.
4.4.2. Preparation of PVG and EH-5 Fumed Silica Particles
PVG pieces were soaked in hydrogen peroxide (30% in water), refluxed for 8h at 90
C, and washed with excess distilled water. The cleaned PVG pieces were ground using a
motor and pestle and sieved to obtain 75–150 μm PVG particles. Those particles were dried
in a furnace overnight at 350 C before the modification. EH-5 fumed silica was dried in an
oven at 150 C. Both the particles were stored in a desiccator to prevent the absorption of
moisture.
4.4.3. Synthesis of 3,3,4,4,5,5,6,6,6-nonafluorohexyltrimethoxysilane Conjugated PVG
Particles 2′
The ground PVG particles were dried at 350 C for 24 h prior to fluorination. The
powdered

samples

were

soaked

in

0.6

M

(3.65

mmol)

3,3,4,4,5,5,6,6,6-

nonafluorohexyltrimethoxysilane solution and refluxed for 24 h in toluene (6 mL). The
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particles were filtered, placed in a thimble (2 mm in thickness), and washed with methanol in
a Soxhlet extractor for 24 h to remove the noncovalently bonded compounds.20
4.4.4. Synthesis of Chlorin e6 Silane 2
Chlorin e6 (40 mg, 0.068 mmol) was stirred in 10 mL of anhydrous acetonitrile under
N2 atmosphere. Triethyl amine (0.1 mmol, 30 µL) was added dropwise to the mixture at room
temperature, and the mixture was stirred for 15 min prior to the dropwise addition of (3iodopropyl)trimethoxysilane (60 µL, 0.3 mmol) via a syringe. This mixture was refluxed for
2 days at 70 C. After refluxing, the acetonitrile was evaporated with a stream of N2, and the
crude mixture was used in the next step without further purification.
4.4.5. Chlorin e6 -conjugated PVG, EH-5 Fumed and Fluorinated Silica Particles
Chlorin e6 -conjugated PVG 3: Crude residue 2 was added to 20 mL of anhydrous toluene
followed by silica particles (2.00 g) and then refluxed at 110 C. The white particles became
dark green after the reaction. These particles were sequentially washed with toluene and
methanol using a Soxhlet apparatus for 2 days.
Chlorin e6 -conjugated EH-5 fumed silica 4: A similar procedure was followed to prepare
EH-5 fumed (1.000 g) particles using 40 mL of toluene. (The density of EH-5 is very low
compared to PVG).
Chlorin e6 -conjugated fluorinated silica 5: A similar method was used to prepare 3 using
fluorinated silica 2′.
4.4.6. General procedure for HF dissolution of silica
Silica sample (3, 4 or 5) in 2 mL of distilled water was added to 2 mL of 40% aqueous
HF under stirring in a Teflon container at 0 C. The silica dissolved after 24 h. Then, the
mixture was added to 2 mL CHCl3 under stirring for 15 min at 0 °C. The organic layer was
decanted and dried with anhydrous magnesium sulfate. Then, it was filtered and analyzed as a
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homogeneous sample using a UV–visible instrument (Hitachi UV–visible U-2001). The
calibration plot of chlorin e6 was used to quantify the amount of chlorin e6 loaded onto silica
surfaces.20
4.4.7. Sensitizer-Sensitizer

Distance,

Percent

Coverage

and

Sensitizer:SiOH

Calculations
PVG is a glass material with pores, and dye molecules penetrate to silica particles.
Previous studies found that the penetration depth of dye is around 80 μm in PVG. Because
the particles have a radius of less than 75 μm, we assumed that the dye penetrates the core of
PVG particles. The surface area of PVG was reported to be ~250 m2/g. The spatial distance
between two sensitizers were estimated based on the surface area and loaded amount of
sensitizer as shown in Eqs. 1–6. EH-5 fumed particles have a nonporous geometry, and their
surface area (380 m2/g) is higher than PVG. These factors were considered for the
calculations.
Surface area of PVG or EH-5 particles = X m2/g
(1)
Number of sensitizer molecules in a gram of silica = X × 109 × NA
(2)

Area between 4 molecules (Å) 

surface area of silica
9

X 10  N A

4

(3)
Distance between two sensitizer molecules r (Å) = √ Eq 3.
(4)

Ratio between sensitizer attached to the surface: Si-OH = Sensitizer mols/g : SiOH mols/g
(5)
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Percent

loading

of

the

sensitizer

=

[(Sensitizer

mols/g)/(SiOH

mols/g)]×100%

(6)
4.4.8. Biphasic Photooxidation Reaction
10 mg of silica 3 or 4 was stirred in a 20-mL vial with 4 mL of stock solution of TME
(0.2 M). The solution was saturated with O2 at room temperature. The vial was placed in
between two 400-W metal-halide lamps which delivered light (λ >280 nm). K2Cr2O7 (w/w
2% in solution in water) was used as the cutoff filter (λ >550 nm). The reaction was
monitored with 1H NMR for different time intervals. The temperature of the mixture
increased up to a maximum of 5 °C after 180 min of irradiation.
4.4.9. Triphasic Photooxidation Studies with Superhydrophobic Surfaces
Superhydrophobic surface-bound glass slides were placed in a staining jar, and 6 mL
of APDA solution in D2O was added to the system. This system was irradiated as follows: A
diode laser (model 7404, Intense) was used for the irradiation and illuminated from a 2.13
mm distance with 669-nm light (irradiance 383 mW cm2, light from the laser overlapped
with 664 nm of chlorin e6 ). Light with 669-nm wavelength was passed through an FT-400EMT optical fiber (Thorlabs), which produced a Gaussian distribution of incident photons
inside the staining jar (total dose ≈ 1400 J/cm2). 2 mL of ADPA solution was withdrawn from
the staining jar after 1 h of irradiation, and the 378 nm peak was monitored by UV–visible
spectroscopy with respect to time zero.
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Figure 4.9. A.) chlorin e6 -conjugated Vycor particles (74–140 µm) B.) chlorin e6 -conjugated
fumed silica.
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Figure 4.10. Calibration plot of chlorin e6 in n-butanol. It was generated by monitoring the
absorbance of Q-band (664 nm) with concentration.
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Figure 4.11. UV–visible spectra of ADP(–) at time= 0, (–) after irradiation with surface D, (–
) after irradiation with surface E.
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Figure 4.12. UV–visible spectra of ADP(–) at time= 0, (–) after irradiation with surface F, (–)
after irradiation with surface G.
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Figure 4.13. Calibration plot of ADPA generated by monitoring the absorbance at 378 nm
with concentration.
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5
5.1

Chapter 5: ‘Ene’ Reactions of Singlet Oxygen at the Air-Water Interface
Introduction
The properties of reactive oxygen species (ROS) at interfaces in organic chemistry are

of interest,1-6 but answers to basic questions are needed, namely: How can ROS such as 1O2
be probed at interfaces? One way is to use trapping agents that reside at the interface, which
is the topic of this chapter. We report the use of prenylsurfactants 1-3 for probing 1O2 at the
air-water interface (Figure 5.1), and find that an increase in chain length minimizes contact of
the alkene group with water unlike 1O2 reactions in the bulk solution phase.
Previous papers have reported properties of ROS at interfaces, such as aerosol and
organic film oxidation by beams of hydroxyl radicals using reflection/absorption IR
spectroscopy.7 (Air-water interface reactions are often monitored by viscosity or surface
potential, area and pressure.8) Micellar studies have analyzed the kinetics of 1O2 in the two
phases,9,10 but did not consider the residence of 1O2 at the interface. Flow reactors for 1O2
generation in water are coming into use,11-18 and can be applied to interfacial 1O2 studies.19-22
Also, compound hydrophobicity has been exploited for selectivity in “on water” organic
reactions.23-28 But further insight is needed into the interaction of 1O2 at air-water interfaces.
Here, surfactants 1-3 are used for an interfacial 1O2 reaction. A feature of 1-3 is the
prenyl (2-methyl-2-butene) group, which has been shown to react with 1O2 in organic
compounds.29-36 Our prenylsurfactants were designed so that the sulfonate anion is solvated
and removed from the 2-methyl-2-butene group revealing air-water interface effects. Our
hypothesis was that prenylsurfactants that vary in chain-length are adjustable to probe
interfacial 1O2 reactivity where long-chain prenyls would extend into the gap between the
liquid surface and the solid sensitizer. Our previous work showed that 2 reacted with airborne
1

O2,37,38 but no information on a possible chain-length dependence was available.
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Here, we report on the screening of surfactants 1-3 in an attempt to probe the role of
chain-length on interfacial 1O2 reactions. (Compound 2 was previously reported compound.
Synthesis of 1 and 3 has been carried out by Belaid Malek and William Fang. Photooxidation
studies have been carried out with Belaid Malek)

Figure 5.1. A reactor for the delivery of airborne 1O2 to 1-3 at the air-water interface. Red
light is directed via an optical fiber to a silica plate coated with a phthalocyanine sensitizer
that sits above the water solution. The reaction of 1O2 with the prenyl groups led to the
formation of secondary (a) and tertiary (b) hydroperoxides.
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5.2

Results and Discussion
SO3 Na

1

SO3 Na

2

SO3 Na

3

Figure 5.2. Surfactants 1-3.

OOH

5.2.1 Solubility of Prenyl Surfactants 1-3

SO3 Na

SO3 Na

1a

OOH

1b

CH
Computed solubilities
of 1-3 were calculated using the ACD algorithm.39 Table 5.1
2

OOH

shows the computed log P value increased by tenfold as the surfactant chain length increased

SO

SO3 Na

from 7 to 9, and another 12-fold
2a as the chain length increased from 9 to 11 carbons.
OOH

CH 2

2b

OOH
Literature reports on other olefin
sulfonates have shown that as chain length decreases the
SO Na
water solubility increased.40 Next, we placed surfactants 1-3 into
a singlet oxygen reactor and
3

3a

OOH

CH 2

3b

sought reactivity patterns based on chain length.
5.2.2 Singlet Oxygen Reactor
Our reactor uses liquid samples of 1, 2 or 3 irradiated from above with red light to a
silica plate coated with aluminium (III) phthalocyanine chloride tetrasulfonic acid (Pc)
(Figure 5. 3). Pc is a good sensitizer41-44 to red light that gives a high yield of a triplet state
that can efficiently transfer energy to oxygen to form 1O2. The reactor delivers 1O2 clean and
pure. Our reactor is unique in that the sensitizer plate is physically separated from the water
phase. There is an air-gap distance of 0.4 mm and 1.5 mm from the sensitizer plate to the
water surface at the walls of the cuvette and middle of meniscus, respectively. When we carry
out a 1O2 lifetime (τΔ) measurement by NIR luminescence, a 0.5-ms lifetime for airborne 1O2
is found in the air gap above the air-liquid interface (Figure 5.3). We also investigated the air125

gap distance to see whether the 1O2 distance traveled would relate to product yield, which it
does. When the sensitizer plate-to-water distance was increased from 0.4 mm to 0.9 mm and
then to 1.4 mm measured at the cuvette walls, airborne singlet oxygenation of 2 showed 82%,
17% and 0% hydroperoxide yields, respectively (Figure 5.3), demonstrating the

1

O2

requirement. The next step was to examine the hydroperoxidation efficiency in surfactants 13.

Figure 5.3. Singlet oxygen reactor where airborne 1O2 forms by red-light irradiation of a
silica plate with aluminum (III) phthalocyanine chloride tetrasulfonic acid (Pc) deposited on
its bottom side. Singlet oxygen migrates through air to surfactants 1-3 at the liquid surface
underneath. The surfactant traps airborne 1O2 at the air-water interface, a location that
contains no sensitizer.

Table 5.1 shows the amount of hydroperoxides formed based on chain length. The
yield of hydroperoxides was found to be greater in 3 (85%) compared to 2 (82%) and 1
(76%) after 1 h (entries 1, 2 and 4). The increase is linearly related to the length of the
prenylsurfactant. Other conditions, namely using deuterated solvents to increase the 1O2
lifetime, were then investigated. The hydroperoxide yields for the reaction of 2 with 1O2 at
the air-water interface increased by ~1.5-fold in D2O compared to H2O (the yield of 2a and
2b was 82% in D2O and 54% in H2O) (Table 5.1, entries 3 and 4). Deuterated solvents
usually show much higher 1O2 product yields compared to protio solvents. That is, a 20-fold
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enhanced product yield would have been expected if the hydroperoxidation of 2 occurred in
bulk solution phase, where the 1O2 lifetime is longer in D2O (τΔ = 69 μs) compared to H2O
(τΔ = 3.5 μs).45-47 Thus, the results are consistent with partial solvation of 2 and point to a
dependence between chain length and regioselectivity, as will be seen next.
5.2.3 Regioselective Ene 1O2 Reactions
Table 5.1 shows the relative amount of hydroperoxides a and b formed from the
reaction of airborne 1O2 with 1-3. Notice the regioselective preference for hydroperoxide a
over b increased from a ratio of 2.5:1 to 3.2:1 for 1 compared to 3 at the air-water interface
(Table 5.1, entries 1, 2 and 4). 1H NMR spectra show higher amounts of the secondary
hydroperoxide formed as the surfactant chain length increased (Figure 5. 4). There is a lack
of selectivity of singlet oxygen reaction with 2 and 2-methyl-2-pentene36 in homogeneous
solution (Table 5.1, entries 5-7). However, reports of trisubstituted alkenes with bulky allylic
substituents form tertiary over secondary hydroperoxides,48,49 which is a reversal of the
regioselectivity that we observe with formation of secondary over tertiary hydroperoxide in
1-3.
Our observed regioselectivity was not due to hydroperoxide instability. We examined
the hydroperoxides a and b and found them to be reasonably stable; for example, complete
decomposition of 2a required 1 h at 100 °C, and 2b required 2 h at 185 °C, where the
decomposition products were not scrutinized. Thus, alternative mechanisms such as the
Schenck

rearrangement

(radical

∙OOH

migration)

that

would

afford

alternative

hydroperoxides can be ruled out.50-52 As will be seen in the next section, the regioselectivity
of hydroperoxide a over b is attributed to the prenyl groups of 1-3 extended away from the
water surface.
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Table 5.1. Effects of Increasing the Chain Length of Surfactant on Computed Solubility,
Percent Yield and Ratio of Hydroperoxides Formed by Ene 1O2 Reactions. a
surfactant b
entry

compound

computed
log P a

1

1

1.40
0.43

±

2

2

2.39
0.43

±

3

2e

4

3

5

2e

3.46
0.43

±

singlet oxygen

% yield
(a + b) c

product
ratio a:b d

D2O

76 ± 3

2.5:1

air−liquid

D2O

82 ± 2

2.8:1

not
solvated

air−liquid

H2O

54 ± 4

2.4:1

11

not
solvated

air−liquid

D2O

85 ± 2

3.2:1

9

solvated

air−liquid

46 ± 5

1.3:1

100 ± 1

1:1

-

1.4:1

chain
length

solvation
state

interfacial

solvent

7

not
solvated

air−liquid

9

not
solvated

9

CH3CN:
H2O (9:1)

2e

6

CD3CN:
9

solvated

air−liquid
D2O (9:1)

2-methyl2-pentene f

7

-

solvated

a

-

CH3CN

Log P values were computed with an ACD program. b Samples of 1 mM surfactant in 0.6
mL were irradiated by a 669-nm laser via an optical fiber above the sensitizer solid for 1 h. c
Trace products such as ketones or epoxides from alternative mechanisms (i.e. non-1O2
reactions) were not observed. d Errors are expressed as mean ± standard deviation. e Ref. 38. f
Ref. 36.
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Figure 5.4. 1H NMR spectra of secondary (a) and tertiary (b) hydroperoxides from the
reaction of 1O2 with 1-3 at the air-water interface.
5.2.4 Mechanistic Aspects
Our chain-length study has enabled quantitative measurements of ‘ene’ reactions of
1

O2 at the air-water interface. Two types of correlations were found as the chain length

increased in surfactants 1-3. First, the hydroperoxide percent yield increased linearly from
76% to 85%. Second, the regioselectivity also correlated linearly; Figure 5. 5 (red line) shows
the plot of the data from entries 1, 2 and 4 in Table 5.1, in which each additional −CH2−
group in the chain accounted for a ~3% increase in a over b. Further support for an interfacial
mechanism is the loss of regioselectivity when 1-3 were dissolved in homogeneous solution,
similar to that seen for 2-methyl-2-pentene dissolved in organic solvents.36
Mechanistically, the longer chain minimizes contact between the prenyl group and
water, for preferential allylic hydrogen abstraction of the methyl groups by airborne 1O2. The
methylene allylic hydrogens are less accessible, making the methyl hydrogen abstraction
favorable. This interpretation, along with the D2O result (Table 5.1, entries 2 and 3) where
sparse product yield increase compared to H2O, point to partial solvation of an unsymmetrical
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perepoxide transition state53 in the product-determining step (Figure 5. 6). Figure 5. 6 shows
the proposed perepoxide a‡ that would be expected for the reason of methyl desolvation to
favor hydroperoxide a over b. The 7 to 11 carbon length series that we have chosen also
gives an approximate guide to mixed substrate and solvent quenching of 1O2. For 1O2
quenching, long-chain prenylsurfactants react with airborne 1O2 with greater chemical
quenching efficiency, while short-chain prenylsurfactants suffer from greater solvent physical
quenching of 1O2 due to the close proximity to the liquid surface. The solubility of 1O2 should
be greater in the long-chain than the short-chain surfactant so that prenyl chemical quenching
(1O2 + RH → ROOH) and appearance of hydroperoxide is facilitated for 3, while 1O2 is
wasted through physical quenching for 1 (1O2 + H2O → 3O2 + H2O). This notion is similar to
facial selectivity from favored chemical over physical quenching of 1O2 in oxazolidinonefunctionalized enecarbamates in the literature.54,55
Comments are also in order concerning surfactant packing and branching. As
discussed above, prenyls in long chain surfactants extend further into the gap between the
liquid surface and solid sensitizer. But, our experiments did not assess the effects of
prenylsurfactants with shorter chains than 1, or with longer chains than 3. Thus, a wider
mechanistic picture is not yet available for possible regiospecificity (saturation in Figure 5. 7)
in the hydrogen abstraction step of 1O2 with prenylsurfactant. Furthermore, a caveat of 1-3 is
that they are branched, which for surfactants is a property known to cause looser packing
compared to unbranched isomers.56 However, 1-3 are branched to the same extent relative to
each other, whereas the chain length is not. Our reasoning for using a prenyl group, i.e.
branched trisubstituted alkene was due to their higher reactivity with 1O2 compared to that of
a disubstituted alkene31,57 for easier monitoring of the reaction in the former.
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Figure 5.5. Regioselectivity effects on surfactants 1-3 treated with airborne 1O2. A saturation
limit is approached in increasing the number of carbon atoms in the chain. Compounds that
dissolve in common organic solvents generally show no regioselectivity, such as 2-methyl-2pentene in the blue-colored box .(Ref. 36)

Figure 5.6. Proposed mechanisms for unsymmetrical and synchronous attack of 1O2 on the 
bond considering desolvation of the methyl groups thus favoring hydroperoxide a over b.
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Figure 5.7. Mechanistic summary of ‘ene’ reactions of airborne 1O2 with surfactants 1-3 at
the air-water interface in sub-micellar concentrations.
5.3

Conclusion
A physical-organic chemistry approach has been developed to probe 1O2 at the air-

water interface with the use of prenylsurfactant probes 1-3 and a photoreactor technique.
Upon screening 1-3, we find that they are effective but to different extents as interfacial traps
of airborne 1O2. One implication of singlet oxygen at the air-water interface is its potential for
broader use for selective oxidations in organic chemistry. Future studies could be undertaken
to (i) examine a hydrophobic group that causes color formation upon reaction with airborne
1

O2 (where workup and NMR analysis and precision are not limiting factors); (ii) compare

product selectivity by theoretical methods for varying interfacial mechanisms; (iii) examine
1

O2 regioselectivity based on surface tension, e.g. a perfluorinated surfactant with a lower

surface tension than regular surfactants; and (iv) expand on reactor equipment design and
user accessibility to deliver ROS to air-liquid interfaces where the oxidant is delivered as a
gas.
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5.4

Experimental Section

5.4.1 Reagents, Instrumentation and Computations
CH2Cl2, CHCl3, ethanol, acetone, THF, pentane, hexanes, ethylacetate, D2O (99.8 %),
DMSO-d6 (99.5%), CDCl3, and porous Vycor glass were obtained commercially and were
used as received. Compound 1-3 was synthesized in the laboratory. Water was purified using
a deionization system. NMR data were recorded on a spectrometer operating at 400 MHz for
1

H NMR and 100.6 MHz for 13C NMR. HRMS data were collected on a time-of-flight mass

spectrometer. Calculations for octanol-to-water partitioning were carried out with the ACD
program.
5.4.2 Singlet Oxygen Reactor
The reactor consisted of a sensitizing glass plate made by depositing Pc (4 × 10 -8 mol)
onto the bottom side of a 0.50 g porous silica square (shape 2.25 cm2 × 1.0 mm). The
sensitizing glass plate was placed on top of a quartz cuvette (sized: 1.0 × 1.0 × 0.7 cm3). The
sensitizer plate was placed 3.0 cm below the illumination source of (i) 669-nm light
(irradiance 383 mW cm-2 for 1 h; total dose = ~1400 J/cm2) from a diode laser with a spot
size ~1.0 cm2, where the cuvette receiving the 669 nm light increased in temperature by 3 °C
over 1 h; or (ii) 630-nm light from Nd:YAG pumping an optical parametric oscillator (OPO)
producing 5-ns pulses at ~0.2 mJ/pulse, where singlet oxygen was directly detected by its
NIR luminescence to a photomultiplier tube (PMT) by way of a 1270-nm bandpass filter
(FWHM = 15 nm). ∆ was calculated by curve-fitting with a least-squares procedure. The
output of the red light from the lasers yielded incident photons in a Gaussian distribution
upon the sensitizer plate. Our experiments for 1-3 were carried out at 1 mM, about one-tenth
or one-third of their respective CMCs, where the surfactants were gradually added and spread
over the liquid. Our previous results showed that the CMC of 2 is 9.7 mM at 26 °C.22 A
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digital ruler with a precision of 0.01 mm was used to measure the distance between the water
surface and sensitizer plate in the cuvette. The evaporation of water in the cuvette did not
cause a measurable change over the course of a 1 h photolysis experiment. Over the course of
the photolysis experiment, Pc molecules did not become disconnected and did not relocated
into the water solution. Photobleaching of the sensitizer plate occurred over ~3 h irradiation
times, after which the glass was cleaned by Soxhlet extraction and then reloaded with Pc. We
have found with control experiments that red-light irradiation of a piece of porous Vycor
bearing no Pc coating did not yield 2a and 2b. In the dark, there was no evidence of
formation of hydroperoxides a and b.
5.4.3 Generation of Sodium 5-Hydroperoxy-6-Methylhept-6-Ene-1-Sulfonate (1a) and
Sodium (E)-6-Hydroperoxy-6-Methylhept-4-Ene-1-Sulfonate (1b)
Compound 1 (1 mM) was placed in the singlet oxygen reactor with 0.6-mL D2O for 1
h, after which the D2O was evaporated by N2 gas at room temperature. The ratio of 1a and 1b
was determined by 1H NMR analysis of the 11.2 and 10.8 ppm proton signals, respectively,
in which benzoic acid was the internal standard. 1H NMR (DMSO-d6, 400 MHz): δ 11.28 (s,
1H), 10.82 (s, 1H), 5.54 (m, 2H), 5.50 (m, 2H), 4.87 (s, 2H), 4.84 (s, 2H), 4.12 (t, J = 8 Hz,
1H).
5.4.4 Generation of Sodium 7-Hydroperoxy-8-Methylnon-8-Ene-1-Sulfonate (2a) and
Sodium (E)-8-Hydroperoxy-8-Methylnon-6-Ene-1-Sulfonate (2b)
Compound 2 (1 mM) was placed in the singlet oxygen reactor with 0.6-mL D2O or
H2O for 1 h, after which the water was evaporated by N2 gas at room temperature. The ratio
of 2a and 2b was determined by 1H NMR analysis of the 11.2 and 10.8 ppm proton signals,
respectively, in which benzoic acid was the internal standard. 1H NMR (DMSO-d6, 400
MHz): δ 11.28 (s, 1H), 10.80 (s, 1H), 5.54 (m, 2H), 5.50 (m, 2H), 4.87 (s, 2H), 4.12 (t, J = 8
Hz, 1H).9a
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5.4.5 Generation of Sodium 9-Hydroperoxy-10-Methylundec-10-Ene-1-Sulfonate (3a)
and Sodium (E)-10-Hydroperoxy-10-Methylundec-8-Ene-1-Sulfonate (3b)
Compound 3 (1 mM) was placed in the singlet oxygen reactor with 0.60-mL D2O for
1 h, after which the D2O was evaporated by N2 gas at room temperature. The ratio of 3a and
3b was determined by 1H NMR analysis of the 11.2 and 10.8 ppm proton signals,
respectively, in which benzoic acid was the internal standard. 1H NMR (DMSO-d6, 400
MHz): δ 11.28 (s, 1H), 10.82 (1H), 5.54 (m, 2H), 5.50 (m, 2H), 4.87 (s, 2H), 4.84 (s, 2H),
4.11 (t, J = 8 Hz, 1H) 1H), 5.54 (m, 2H), 5.50 (m, 2H), 4.87 (s, 2H), 4.84 (s, 2H), 4.11 (t, J =
8 Hz, 1H)5.54 (m, 2H), (t, J = 8 Hz, 1H).
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Figure 5.8. 1H NMR spectra for hydroperoxides (1a, 1b), (2a,2b) and (3a,3b) in DMSO-d6.

Figure 5.9. 1H NMR spectra of hydroperoxides 2a and 2b after singlet oxygenation of 2 in
the reactor, in which the distance between the sensitizer plate and water at the walls of the
vessel were (i) 0.4 mm, (ii) 0.9 mm, and (iii) 1.4 mm.
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6

Chapter 6: Remote Singlet Oxygen Delivery Strategies

6.1. Introduction
This review on literature addresses the issue of the delivery of singlet oxygen [1O2
(1Δg)]. Because 1O2 is highly reactive, its transport is limited to nanometer or millimeter
distances depending on whether it is in solution or air. Singlet oxygen’s transport is dictated
by surrounding physical and chemical quenchers, while the storage and release of 1O2 by
compound carriers can effectively increase its diffusion distance.
We aim to push the idea of 1O2 delivery further (pun intended) by examining the
following question. How do environmental conditions and molecular capture and release
govern 1O2 delivery to remote sites? Such as question is not just of theoretical interest and
relates to the mechanistic and interfacial control of 1O2 delivery whether it is to cell
membranes or within molecules themselves for regioselective organic synthesis.
6.2. Background
Much focus of 1O2 chemistry has been to understand how its lifetime () and reactivity
depend on the surrounding environment.1,2 Databases are available for rate constants for 1O2
decay in the absence and presence of quenchers3 and quantum yields for the formation of 1O2
(Δ).4 Proof of singlet oxygen’s existence is in a variety of oxidation reactions5,6 and in its
detection by NIR,7-9 fluorescence,10,11 and EPR methods.12,13 Physical quenching is the
“innocent” conversion of 1O2 to 3O2 and is distinct from chemical quenching, which is the 1O2
oxidation of substrates.14-17
The lifetime of 1O2 is diverse and spans a wide range, even in solution. Some solvents
are efficient quenchers of 1O2 while others increase its chances of a longer lifetime. The
diffusion radius, measured to 5% remaining 1O2 for three lifetimes, ranges from nanometers
to millimeters.18 A brief set of examples provides a sense for the range of lifetimes in
solution: the in CCl4 (59 ms) is longer than in toluene (30 µs), and in D2O (65 µs) it is
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longer than in H2O (3.5 µs). For H2O, its O−H bond oscillators quench 1O2 to ground state
3

O2 to keep it from venturing far.19 Changing a protio solvent for a deutero solvent has a

predicable outcome on and substrate oxidation.20 In H2O vs D2O, not only is the lifetime of
1

O2, e.g. in H2O vs D2O diagnostic of its presence,21 its chemical reactivity and the toxicity

increase ~20-fold due to the 20-fold longer lifetime.22-25
The remainder of this chapter is divided into 2 parts: First, through space 1O2 systems
and interface crossings; and second, structure dependence for capture and release of 1O2. We
begin with a discussion of through space 1O2 delivery. Except for examples we feel are
historically interesting, most of the literature in this chapter is cited from the past 10 years.
6.3. Through Space 1O2 Systems
One mode of 1O2 delivery is through space, as a gas transported between two solids as
is described next. We first describe the production of external 1O2 in the gas phase in an
experiment carried out 84 years ago.
6.3.1. Historically interesting Example
Experiments showed that a volatile diffusible oxidant was transported between silica
gel beads.26,27 Figure 6.1 shows an experiment where a sensitizer (trypaflavine) and an
oxygen-trapping compound (leucomalachite green) were adsorbed separately on large and
small SiO2 gel beads, respectively. Upon mixing these beads and irradiating in the presence
of O2, leucomalachite green was oxidized to give malachite green for clear mechanistic
evidence for a diffusible 1O2 species.
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Figure 6.1. Silica gel bead experiment indicating the production of a diffusible 1O2 species.

Currently, the notion of 1O2 as a diffusible intermediate is commonplace.28,29 For
example, recent studies30,31 have been carried out for generating external 1O2 in a sensitizing
TiO2 surface with a terrylenediimide oxygen acceptor adsorbed on another surface. A 1 mm
gap between the surfaces was traversed in the gas phase reaffirming 1O2 as a diffusible
species.
6.3.2. Clean External 1O2
General methods for the generation of clean external 1O2 have been developed.32
Figure 6.2 shows a method with a Pyrex-tube coated rose bengal sensitizer system that flows
1

O2 upon irradiation. Singlet oxygen is transported through space ~1.5 mm due to a 54 ms

lifetime and 30 L/min flow rate. This means that it is possible to carry 1O2 out of the end of
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the Pyrex-tube. A good historical comparison is the method of Paneth and Hofedtiz33 for their
delivery of organic free radicals through a flow tube system.

Figure 6.2. Pyrex-tube coated rose Bengal system flowing 1O2 upon irradiation.

Relatedly, a guided-ion-beam instrument has been developed that channels 1O2
through a tube and operates at 15 Torr by a vacuum pump.34 The 1O2 travels through a tube to
a scattering cell with a lifetime of more than 50 ms.
6.3.3. Singlet Oxygen’s Journey from Air to Water
Another mode of 1O2 delivery is as a gas from a solid (point of origin) to a liquid
(endpoint). Figure 6.3 shows this type of 1O2 delivery technique with an apparatus with a
glass slide coated with sensitizer particles on its bottom face.35,36 With light coming down
from above, it is a clean and pure source of 1O2. A small air space between the sensitizer slide
and solution is bridged before 1O2 reaches the wells for substrate oxidation35 and liposome
oxidation.37
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Figure 6.3. Singlet oxygen delivery from the bottom of sensitizer a glass slide through air to
the top layer of water.
Making progress to understand 1O2 gas-liquid interfacial chemistry, a trisubstituted
olefin surfactant, 8-methylnon-7-ene-1 sulfonate, was examined in the apparatus shown in
Figure 6.4.38 This system emulates some of the features of the Midden system.35 With red
laser light coming down from above, airborne 1O2 is generated below a phthalocyanine
sensitizer glass slide. Airborne 1O2 arrives to the surfactant at the air/water interface, and via
an ene reaction, produces two hydroperoxides (7-hydroperoxy-8-methylnon-8-ene-1
sulfonate and (E)-8-hydroperoxy-8-methylnon-6-ene-1 sulfonate) in a 4:1 ratio (Scheme 6.1).
This ratio points to 1O2 surface activity where the alkene is oriented with methyl groups
pointed up in a less solvated state for easier abstraction by airborne 1O2. A proposed
mechanism with a perepoxide transition state is shown to account for the selectivity.
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Figure 6.4. An apparatus for airborne 1O2 delivery from the bottom of a sensitizer glass plate
through air to an olefin surfactant at the air/water interface yielding two hydroperoxides.

Scheme 6.1. Proposed mechanism for the reaction of airborne 1O2 with an olefin surfactant at
the air/water interface and preference for formation of the 7-hydroperoxy-8-methylnon-8ene-1 sulfonate.
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6.3.4.

1

O2 in Bubbles, Border Crossing

Figure 6.5 shows a device in which the solution is devoid of any photosensitizers and
1

O2 is carried in bubbles.39,40 The lifetime of 1O2 in the gas core of the bubble is ~1 ms (the

bubble carried 1O2 through solution a distance of 0.39 mm), and is 3 µs when fully solvated
in H2O. An N2-presaturated encourages mass transfer of 1O2 into solution. Moving into
solution, an O2-saturated solution provides a barrier so that 1O2 is less invasive. For an O2presaturated solution, instead of crossing into the water, more of the 1O2 flounders at the
interface in a partially wetted state.

Figure 6.5. Microphotoreactor device for the delivery of gaseous 1O2 to bulk solution via
bubbles. Singlet oxygen can migrate from the core of the bubble to bulk aqueous solution
constituting a “border crossing”.
6.3.5.

1

O2 Passage Through Channels

Singlet oxygen has also been delivered through the porous tip of a hollow-core fiber
optic device for localized delivery wherever the tip resides.41,42 The fiber optic was hollow
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and channeled O2 gas and laser light to a silica tip bearing a sensitizer. O2 transport was by a
pressure gradient, where 1O2 effuses through the tip. Understanding how 1O2 diffuses through
channels and out of pores provides key information on where oxidation events take place.
Due to silanol groups the  within silica pores can be lower than in neat solvent.43 Similarly
1

O2 generated within a zeolite44 was found to wriggle through and escape into bulk media.45

To increase the amount of 1O2 generated that travels through a solid, an approach can be
envisaged where protective channels are provided to prevent quenching.46 Fluorinated media
help prevent 1O2 quenching.47,48 A stabilization example is a zeolite that is fluorochemically
modified enable 1O2 to live longer and diffuse further.49 Even 1O2 generated within a lipid
bilayer can travel and escape into bulk aqueous solution.50 Although not all of the 1O2
emerges the bulk solution since, some of it chemically reacts with the unsaturated fatty
acids.51,52
6.3.6. Quenching
Influence of a surface coating on the lifetime of 1O2 is also significant. Similar to the
zeolite system we just mentioned,49 enhanced 1O2 lifetimes have also been found within
fluorinated silica decreased

1

O2 quenching compared to native silica.53 Rather than

conservation, additives can enhance physical quenching of 1O2 by energy transfer (e.g. carotene) or by charge-transfer (e.g. sodium azide and phenols).54-57 The diffusion distance of
1

O2 is usually reduced in the presence of such additives, although in cells -carotene loses its

physical quenching potency.58 The influence of an diamine-coated silica surface on decreased
1

O2 lifetime is also significant.59 Polystyrene and poly(phenylsilesquioxane) with 1,4-

diazabicyclo[2.2.2]octane (DABCO) associated covalently or noncovalently have a lower
total photon emissions and oxygen consumption rates indicative of improved the
photostability of the sensitizer.60 Thus the presence of DABCO in the polymer provided a
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protective action, inhibiting a chemical reaction with 1O2. Such protection can increase the
polymer’s utility.
6.3.7. Synthetic and Biologic Utility
The study of organic photosensitizer polymers to oxidize compounds for synthesis has
attracted much interest.61-70 Often polymers are post-functionalized with sensitizer, although
sensitizers can be blended in during its formation, such as in sol-gel formation.
Heterogeneous sensitizers have an appeal since they are easy to separate from solution after
reaction. The sensitizer can be filtered off after use. A significant body of 1O2 literature is
available for solution and gas phases, but less of it focuses on interfacial 1O2 interactions.
Killing bacteria at air-liquid interfaces, air-solid and liquid-solid interfaces is also important
and 1O2 offers some promise in this regard. Since developing resistance to 1O2 is much more
difficult for microbes to do compared to drugs, direct delivery of 1O2 could offer advantages
in understanding of bacteria such as mutli-resistant microbes. With an aim of biofilm
photoinactivating polymers, cationic oligo(arylene-ethynylene)s polymers have been
synthesized and tested.71 With UVA radiation and in the presence of O2, the polymer was
found to eradicate E. coli biofilms at levels comparable to that found for standard antibiotics
such as kanamycin. E. coli exposed to these polymers showed damages indicative of 1O2
delivery to cell walls.72
Let us shift our focus from 1O2 transport at interfaces and in homogeneous and
heterogeneous media to the storage, potential transport and release of 1O2 in compounds.
6.4. Reversible Capture and Release of 1O2
6.4.1. Idea of Temporary Storage of 1O2
There is interest in understanding how 1O2 can be stored in compounds to eventually
release it back. It could be debated whether the capture and release of 1O2 is useful for long-
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range transport since these compounds are non-innocent peroxides and can lead to unwanted
side reactions. Furthermore, deoxygenated by-products would remain at the site of interest
upon 1O2 release. However, some would agree that compound capture and release offer
unique 1O2 delivery opportunities. Carrier compounds exist, studied examples are substituted
naphthalenes and anthracenes which can add and eliminate 1O2 (Schemes 6.2 and 6.3).73,74
We begin with arene endoperoxides.
6.4.2. Arenes
The binding and release of 1O2 depend on the sterics and electronics of the arene.73-76
Endoperoxides are 6-membered ring peroxides,77-80 but not all are return sources of 1O2.
Scheme 6.2 shows examples of 1,4-disubstituted naphthalenes found to reversibly bind
1

O2.81,82 Note that the R groups give rise to different solvent compatibility.83-85 For example,

the sulfonate anion side chain shown gives a water-soluble 1O2 capture and release system.
The capture reaction stops after the uptake of 1 1O2 molecule, and the release of oxygen is a
clean source of 1O2.
Scheme 6.2. Examples of substituted naphthalenes that reversibly bind 1O2.

Many anthracene compounds are known in the literature and their corresponding
endoperoxides can release 1O2 and 3O2 competitively86-88 or undergo other reactions such as
rearrangements to diepoxides.89 Anthracenes are sensitizers for 1O2 themselves, but their
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corresponding endoperoxides are not. Scheme 6.3 shows an example where silica-bound
anthracenes reversibly bind 1O2.90 The surface anthracenes provide a high number of nearneighbor 1O2 binding sites. Anthracene endoperoxides are generally more stable than
naphthalene endoperoxides, and thus typically require heating to release 1O2.
Scheme 6.3. A silica-bound anthracene that reversibly binds 1O2.

The octaphenyltetraanthraporphyrazinato palladium complex in Scheme 6.4 is a
unique system that holds 4 1O2 molecules derived from a self-sensitized reaction.91 All
oxygen molecules can be released by two-photon absorption of 662 nm light. While the
figure shows an all cis peroxide configuration, many configurations exist.
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Scheme 6.4. A unique tetraanthracene endoperoxide complex.

6.4.3. Alkenes
Alkenes containing allylic hydrogens react with 1O2 to give allylic hydroperoxides via
the ene reaction.92,93 Scheme 6.5 shows the resulting hydroperoxide can in turn generate 1O2,
as a result of peroxyl radical dimerization by the Russell mechanism.94 This is not a 1O2
“carrier” reaction per se since 1O2 adds to the alkene but only through a series of steps
regenerates 1O2. The released 1O2 is from a product downstream rather than the original 1O2
molecule captured. While the presence of metal ions, peroxynitrite, HOCl and cytochrome c
can facilitate the hydroperoxides to decompose and generate 1O2,95 the reaction is complex
similar to protein photooxidation96,97 from the perspective that oxygen radicals and byproducts form. Another example is the alkene—1O2 [2 + 2] reaction to generate dioxetanes,
where their decomposition to excited-state carbonyls produce 1O2 in low yields by oxygen
sensitization.98-101
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Scheme 6.5. Ene reaction of 1O2 with an alkene resulting in a hydroperoxide product that can
re-generate 1O2 after several steps.

In summary, the examples in Section 6.4 represent cases where unsaturated compounds
can capture and release 1O2. An aromatic compound can store 1O2 as a masked species as the
arene endoperoxide. Photo-generated hydroperoxides can also function as 1O2 carriers,
although 1O2 is returned after a rearrangement reaction. Some of these endoperoxides and
hydroperoxides can generated on preparative scales. In both cases some of the 1O2 re-enters
the bulk. In both cases the 1O2 released can in principle diffuse and be trapped by another
compound which can again release 1O2 into the surrounding solution in a relay process.
6.5. Conclusion: Prospects for 1O2 Delivery
Singlet oxygen is now so well accepted in photooxidation processes that its continued
use into the future will occur. Proliferation on the subject has been great. The delivery of 1O2
to a remote site is a complex topic due to dependence on environmental conditions and
compounds that can carry it. Many research challenges remain including the delivery of 1O2
to help guide it to sites within cells, or regioselective introduction into molecules in organic
synthesis. Through mechanistic studies, new ways of delivering 1O2 will emerge as our field
advances.
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